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PEEFACE 


The leiiiarlcs made m connection with Vt»liinio I of this 
woik apply ecpully to the pieseiit \uhmie Thu pnilmns 
of the siilijecfc, dealt with here, aie stniieulhiL nuae diih- 
CLilt than tliose cunsidcicd in the previous voluiiie, and 
demand a mudev<ito knowledge of piiysics Flenrt*, owing 
to the huge number of cdiemiCcd stmleiits wlio aie 
insufiicieiitly grounded in physics, it has been deemed 
well to describe, in detail, methods of measuring the 
eleetueal quantities, lesistance, Ccq)acity, electroiuotu 
foice, and dielectric constant in the ehapteis wheie the 
physico-chemical lelationsliips of those piopeities arc 
discussed The subject of radioactiMty is often chinned 
as a piiioly physical one, hut when the fai-ieachnig 
importance of the subject upon the fuiidaineutal pim- 
ciples of cheinistiy is coiisideied, this position can liaidly 
he maintained, and no apology should be necessaiy for 
intioducuig a chapter on radioactnity in this volume 
I wish, 111 conclusion, to expiess my nidobtediiess to 
Ostwald-Liither’s Fht/btko-Lhani!>che Mcbbunijm, and to my 
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Depaitment of Bedford College, who, both by Ins advice 
and criticism, and by reading the manuscript, has leiidered 
me much valuable assistance. 

J. F. SPENCEIL 

Bedford College, 
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AN EXPERIMENTAL COURSE OP 
PHYSICAL CHEMISTRY 

PART II 


CHAPTER I 


MASS ACTION AND VELOCITY OF CHElVnCAL 
CHANGE 

1. Mass Action. Gnldberg and Waage (1867) have 
shown that the velocity of a chemical reaction, at any 
given time, is proportional to the product of the con- 
centrations of the reacting substances at that moment 
Thus if two substances A and B are reacting with the 
formation of two other substances C and D, and if the 
concentrations of A and B at the commencement of 
the reaction are expressed by a and h respectively, the 
velocity of the reaction at the moment it begins will 
be expressed by ^ 

where fc is a constant. 

After the reaction has proceeded for a time t, and a 
quantity cc of A and B has been changed into C and D. 
the velocity will be given by 

^=k(a-x){b-a>), 


S.0 XI. 


A 


» 
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where k has the same value as in the previous expression. 
Whence it is obvious that the velocity decreases as the 
reaction proceeds 

Suppose now the reaction considered is a reversible 


one, and that 


A+Bi^C-f-D 


Then at the start the concentration of C and D is zero, 
and coiisequeiitly the velocity of the reverse reaction is also 
zero, but after a time t a quantity of A and B represented 
by o: has been changed into C and D. Hence the con- 
centration of these two substances may also be repre- 
sented by 01 , and the velocity of the reverse reaction by 


At equilibrium the velocity of the reaction in both 
directions will be the same* if this occurs when a 
quantity 0 of A and B have been converted into C and 
D the velocities of the reactions in the two directions 
will be given by 

p^=k(a-4,){b-,p) and ^=*^5 

or, irrespective of the original concentrations, if a, yS, y 
and 0 represent the concentrations of A, B, C and D 
respectively at equilibrium, 

and §=A!'y& 

Since the velocities are the same 


kal3=k'ySl 



where K is a constant which is characteristic of the 
reaction. 
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All reversible reactions may be considered in the same 
way, and all such reactions have a definite constant 
which depends onty on the nature of tlie reacting sub- 
stances, and is uninfluenced by their amounts. 

Should one or more of the substances in any reaction 
be a solid, then the active mass, ie the concentration 
present in the homogeneous phase in which the reaction 
is taking place, of this substance is constant. This 
will be clearer if an actual case is considered, such 
as the reaction between barium chloride and sodium 
sulphate. 

Na^SO.+BaOl^ 1 2 NaCl+BaS 04 . 

In this case barium sulphate is precipitated, and con- 
sequently the concentration of barium sulphate in tlie 
solution must be constant, vio. the amount determined 
by its solubility. 

If tlien the concentrations of the four substances be 
a, j3, y and 8 respectively. 



The experimental determination of the reaction con- 
stants for reversible reactions is not suital)le for this 
course, for in many cases the equilibria are only estab- 
lished very slowly A period extending over months 
often being necessary, and in some cases, according to 
van’t Hoff*, a geological period would be required for 
the establishment of an equilibrium. 

2 Velocity of Chemical Change. It has already been 
shown that the velocity of a reaction at any moment 
depends upon the product of the active masses of the 
reacting substances at that moment. 

Hence if a reaction is taking place between a number 
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of substances of active masses a, 6, c . . . , then the velocity 
of the reaction at that moment is given by 


dt 


=hahG,,> 


Con«?i<ler a reaction in which one substance only is 
undergoing change, ie mono-molecular cliango If the 
original concentration of this substance be indicated 
by a, then 



represents the initial velocity of the change, where k is 
the velocity constant If at a time t, x represents the 
amount of a changed, then (a—x) gives the active mass 
at the time t and the velocity is given by 

on integrating this expression 

“loge(a—ii5)=jS;^-f- constant (1) 

At the commencement of the reaction ^=0, and x = 0, 
and on substituting these values in (1) 

— log<. a = constant. 

Hence log,— 

It is generally very difficult to determine exactly the 
moment at which a reaction commences, so that it is 
preferable, in determining the velocity constant, to 
obtain measurements at two different times and 
when quantities ajj and x^ have been transformed, the 
expression then becomes 
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Should two substances be participating in a reaction, 
the expression representing the velocity of reaction 
takes a somewhat different form. As the simplest case, 
it may be assumed that the reacting substances have 
the same initial concentration^^, and that at a time t 
a quantity of both has been transformed, then the 
velocity will be given by 

which on integrating becomes 

= Id + constant (2) 

As in the last case ^ = 0, and a5=0 at the commencement 

hence i = constant : 

a ’ 

and substituting this value in (2) 


/cc= r. 

a(a— aj) 

Should the substances leacting have different initial 
concentrations a and h, then at a time /, when x of 
both has been transformed, the velocity is expressed by 

^=k{a-x)(b-x), 

which on integrating gives 

+ constant, (3) 


and as ^ = 0, at the beginning of the reaction 
log. r= constant. 

a — 6 

Substituting the value of the constant in (3) 

7./- & (a-®) 
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Exprebsiouw similar to the above may be deduced for 
leactioiis in wliicli more than two substances are taking 
part, Imt sucli reactions are often very complicated, and 
are not suitable for the present purpose. It is found, 
however, — that the larger number of reactions, no 
matter liow complicated they may seem from their 
chemical e<]uations, are nevertheless chiefly mono- or 
])i-molecular. This is explained on the assumption that 
the reaction proceeds in a series of stages which are 
of the simpler orders In investigating tlie velocity of 
chemical actions it is obvious that they must be stopped 
instantaneously at a definite time, or the methods of 
investiiration must be such as allow of a definite con- 
elusive observation, which will indicate the extent of 
the change, being made at a definite time Where 
possible, therefore, physical changes, which will indicate 
the state of tlie reaction, should be observed, and of 
these, optical activity and volume may be noted as 
among the most suitable physical properties for such 
observations. If chemical metliods have to be resorted 
to, then volumetric determinations are always to be 
recommended, since the rapidity with which they can 
be effected amounts almost to an instantaneous stopping 
of the reaction. When gravimetric methods have to be 
employed, and indeed also m volumetric operations, care 
must be taken that only those reagents are used which 
do not influence the state of the reaction in any way 
other than completely stopping it 
The velocity of reaction is best considered under the 
heading of the types of reactions, and will be treated 
here under : 

(1) Mono-molecular reactions, 

(2) Bi-molecular I'eactions. 
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1. Mono-molecular Reactions 


Mono-molecular reactions, as has already been ex- 
plained, are those in which one molecule only is reacting, 
hut it is customary to consider the saponification of 
esters by means of acids under the heading of mono- 
molecular reactions These, as will be seen from the 
equation, 

CH3-C00C2H5-|-H,02:CH3. COOH-hCaHgOH, 


are strictly bi-molecular reactions, and consequently 
should only give constant values for h when the 
expression 

7 1 1 , & 

^ — T" L * l^^fi — * 77 v 

t a—b ^ a (b—.r) ' 


is employed. But generally in such reactions the active 
mass of the water a is so largo that (a — If then 
(a— aj)=a is substituted in equation (4), 


In any given reaction (a—h), tlie differenco of the 
original concentrations of the reacting substances, is 
constant, hence the expression becomes 

which will be seen to he the expression for mono- 
molecular reactions, explaining why such reactions may 
he treated as mono-molecular 

The saponification of esters takes place rather slowly 
in pure water, hut much more quickly in the presence 
of acids, the velocity being propoitional to the concen- 
tration of the hydrogen ions. Hence it follows, since 
the relative strength of acids is also proportional to the 
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concentration of the hydrogen ions, that a determination 
of the velocity constant for the saponification of an ester 
l)y various acids will furnish the relative strengths, 
avidities, of the acids employed. 

Experiments 

1. Determine the Velocity Go%stwnt for the Decom- 
position of Hydrogen Peroxide, Hydrogen peroxide 
decomposes spontaneously into oxygen and water, but 
the change occurs too slowly for the purpose of the 
present experiment. Its velocity may, however, be in- 
creased by means of a catalyst, such as Bredig’s colloidal 
platinum. 

Prepare a solution of hydrogen peroxide by dissolving 
100 cc of **20 volume” hydrogen peroxide in a litre 
of water. Place about 250 c.c. of the solution in a flask, 
stand it in a thermostat and allow it to take on the 
temperature of the bath. Eemove 5 cc. of the solution 
by means of a pipette, add an excess of dilute sulphuric 

acid, and titrate with ^ potassium permanganate 

solution. Then add 6 c.c. of a solution of colloidal 
platinum to the hydrogen peroxide solution. The 
colloidal platinum is prepared in the following manner : 
Two short platinum wires, 2 mm. diameter, are welded 
to two stout copper wires which are inserted into glass 
tubes so as to leave about 1 cm. of the platinum pro- 
truding. The glass tubes serve as insulating handles. 
The copper wires are connected to the lighting 
cii'cuit through a resistance, which cuts the current 
down to about 5 amperes. The platinum ends are then 
brought together in a dish of conductivity water (see 
Chapter III.), cooled by ice. As soon as the wires touch 
they are drawn apart so that an arc 1-2 mm. long is 
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produced. The arc will not persist for more than a few 
seconds, and must be repeatedly remade, by bringing the 
wires into contact as at first, for about ten minutes. 
The solution is then filtered, to free it from platinum 
dust, and constitutes a solution of colloidal platinum. 
Note the time at which the platinum solution is added 
to the hydrogen peroxide, and take this as the com- 
mencement of the reaction t^. 

The initial concentration of the hydrogen peroxide 
is obtained by calculation from the original titration 
value When two minutes have elapsed, remove 5 c.c. 
of the solution and titrate it as quickly as possible, 
taking as the time the mean of the time between the 
beginning and the end of the titration. Repeat the 
observations every five minutes and record the titration 
values etc., and the times ^ 4 , 

, etc Since the titration values are proportional 
to the concentration of the hydrogen peroxide, it is 
unnecessary to calculate the concentrations The titra- 
tion values may be inserted in the equation, in place of 
the concentrations, and k calculated. 


Thus since 



l0£'« 




. 1 , 1 


loo^ ~ “ = etc,, 


in which the n values are the number of cc. of 
permanganate used in the titrations, and the t values 
the number of minutes which have elapsed from the 
beo^innine: of the reaction. Calculate the value of h for 
each determination, and note that it is the same in each 
case In the calculation it is not necessary to convert 
loge to log^Q, and since the experiment is only concerned 
with the constancy of h ordinary logarithms may be 
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inserted in the expression The real value of the 
constant may be obtained from the mean value of the 
determinations by multiplying it by 2 302 

2. Detennine the Relahve Strengths of S'wlpJmric 
and Hydrochloric Acids This experiment consists in 
a determination of the rates at which the acids in 
question saponify methyl acetate. 
Before commencing the actual deter- 
mination an approximately solu- 
tion of baryta must be made up 
This is best done in the following 
manner. Fit a four litre narrow- 
mouthed bottle B (Fig. 1), with a 
two-holed cork C. Into one hole 
insert a tube t connected to a soda 
lime tube d, and into the other hole 
a tube b, which reaches to the bottom 
of the bottle and is connected to a 
burette G. The burette is supported 
by a stand and clamps f attached to 
the neck of the bottle as indicated in 
the diagram Close the burette at 
the top by a soda lime tube s, to 
which a length of indiarubber tubing 
i is attached Now grind up about 
60 grams of barium hydrate, place 
it in a flask containing 500 c.c of 
water and boil until the solution is 
saturated Close the flask with a cork carrying a soda 
lime tube and allow to cool. When cold, filter 200 cc. 
of the solution into the bottle B and add sufiicient 
water to make 4 litres. The water used here must be 
freshly boiled distilled water which has been allowed 



Pig 1 
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to cool in carbon-dioxide free air. Shako the solution 
and then place the burette and soda lime tubes in 
position. In this way a solution of baryta is obtained 
whicli is permanently out of contact with caibon-dioxide. 
The buiette is filled by opening the tap (cc) and drawing 
at the tube i. 

The baryta solution must next be standardised by 

N 

titration with an solution of oxalic acid, using phenol- 

phthalein as indicator. 

N 

Prepare solutions of hydrocliloi ic and sulphuric 

acids, and titrate 2 ce. of each of these solutions with 
the baryta solution This is for the purpose of obtain- 
ing an idea of the quantity of baryta solution to be used 
in the subsequent titrations. Now take two 8 oz 
stoppered bottles, thoroughly clean and dry them, and 
label them HCl, and H^SO^ respectively; place 100 cc 

N N 

of hydrochloric acid into one, and 100 c.c of 

sulplmric acid into the other, and stand the bottles in a 
thermostat at 25*^. A bottle containing fieslilv distilled 
methyl acetate should also be placed in the thermostat 
When the solutions have taken on the temperature of 
the bath add 5 c.c. of methyl acetate to the liydrochloric 
acid, shake well and immediately withdraw 2 c c. of the 
mixture, run it into a Erlenmeyer flask containing 50 c c. 
of carbon-dioxide free water Note the time at which 
the solution is run into the water, and record it as the 
commencement of the reaction. Titrate the solution 
with baryta, running in nearly the whole of the 
requned quantity at once, remembering that somewhat 
less, about 5 per cent, will be required than was 
necessary for 2 c.c. of the acid, recoid the titration as 
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•Hj After 10 minutes withdraw a furtlior quantity of 
2 C.C of the acid mixture, and treat it m exactly the 
same way as the iirat quantity, noting both tho time 
and the titration value Make further titrations at 
intervals of 10, 20, 30, 40, 60 and 120 minutes, and a 
tinn.1 titiation about 48 hours afterwards, noting the 
times # 3 , ti, f*, .. , and the titration values -> 13 , 

Hi, . where L and represent tho final time and 
titration values 

After the second titi-ation has been made with the 
hydrochloric acid, start the reaction with tho sulphuiic 
acid and caiTy on both experiments side by side, record- 
ing the results in the same way as for hydrochloric acid. 
Here, as in the last experiment, it is not neces-saiy to 
calculate the quantity of ester .saponified from the 
titration values, as would appear to be required by tho 
expressions 


, 1 , a 

/j = -J y r 


and 



(rt-a-a)’ 


for the initial concentration of the ester is piopoiiional 
to and the concentration at time t is piopor- 

tional to u*) where t is the time counted in minutes 
from the beginning of the experiment. For the purpose 
of calculating the value of k the expression then becomes 


7c = I log. 




Tlio value of 7c may also be calculated from titration to 
titration, instead of always from the commencement of 
the reaction If % and are the titration values at 
times ty and respectively, then 




1 


•log. 


(n^-riy)' 
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Ordinary logaritlims may be used in the calculation of 
the constant, and the absolute constant ol)taiiiod from 
the mean value by multiplying it by 2*302. 

Having obtained the constants for both acids, the 
relative strengths are at once visible, for 

Strength of HOI Strength of IlgSO^'-ZiHci 

N 

The degree of dissociation of ^ hydrochloric acid is 

N 

0*86, and that of sulphuric acid is 0*53, hence the 

concentrations of the hj^drogen ions, and consequently 

N 

the strengths of the ^ acids are in this proportion. 

3. Deterruine the Velocity Gomtant of the Hydrolysis 
of Gane Smjar by Hydrochloric Acid and Sidphiiric 
Acid, The disaccharides, e.flr cane sugar, are hydiolysed 
by the action of dilute acids This change, in some 
cases, can be followed by observing the change in the 
optical activity of the reaction mixture Thus, if a 
solution of cane sugar is treated with hydrochloric acid 
it is converted into a mixture of glucose and fructose in 
eqm-molecular quantities. 

^i2®^22^n + ^^2^ ~ CgHigOg + OgHj^jOg. 

The three substances, glucose, fructose and cane sugar, 
rotate the plane of polarised light; cane sugar and glucose 
to the right, and fructose to the left. The mixture of 
glucose and fructose, i,e, invert sugar, is laevo-rotatory, 
since fructose is more strongly laevo-rotatory than 
glucose is dextro-rotatory Hence, if such an hydrolysis 
be allowed to take place in the observation tube of a 
polarimeter, it is obvious that the course of the reaction, 
and consequently its velocity, may be followed by 
observing the change in the angle of rotation. If \ is 
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the angle of rotation of the reaction mixture at the 
moment of mixing, the angle of rotation when the 
reaction is complete, then (Xq— X*) is proportional to 
the amount of cane sugar piesent at tlie commencement 
of the reaction, and if X, is the angle of rotation at time 
f, where t is the time in minutes from the commencement 
of the reaction, then (X«— X») is proportional to the 
amount of cane sugar present at the time t Hence the 
velocity constant h may he obtained from the expression 



Xq Xqo 


or calculating the constant from reading to reading, and 
not from the commencement of the reaction, 


Aw — Aoo 


whore X^ and Xy are the rotations at the times and ty 
respectively 

Prepare exactly normal solutions of hydrochloric acid 
and sulphuric acid, and also a solution of 20 grams of 
cane sugar (coffee crystals are best to use here), in 
100 c.c. of water Add a small piece of camphor to the 
solution as a preservative. Place about 60 c.c. of each of 
these solutions in a thermostat, then fit up a polarimeter 
as described in Chapter X, Part I, and deteimine the 
zero of the instrument. Connect a jacketed observation 
tube to a water supply at 25®, obtained by passing a 
slow stream of water through a leaden coil placed in a 
thermostat, and thence through the jacket of the obser- 
vation tube. When the temperature of the tube is 
constant, mix equal volumes of cane sugar solution and 
hydrochloric acid solution, fill the observation tube as 
quickly as possible and read the angle of rotation, noting 
the time of the reading. This may be regarded as the 
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commencement of the reaction, and the time as and 
the angular reading as Xq. Make a second reading 5 
minutes after the first, and further readings in 10, 20, 
40, 60, and 120 minutes, and a final reading 48 hours 
later. It is unnecessary to keep the water flowing for 
the 48 hours’ interval, for the observation tube may be 
kept at the required tempex'ature by immersing it directly 
in the thermostat. Repeat the measurements with sul- 
phuric acid, and calculate the value of h for both acids, 
using the formula given above 

It is not absolutely essential to liave water circulating 
round the observation tube if the experiment is carried 
out in a room whose temperature is fairly constant. 

4 Determine the Velocity ConRiant of the Decom- 
position of Diazo-henzene Chloride, Cain and Nicholl 
(J’.C./S. 1902, 81, 1412) have sliown that the decom- 
position of diazo-compounds, between 20® and 60 ®, is a 
mono-molecular one, and they have followed the reaction 
and determined the velocity constant of a large number 
of diazo-compotuids by measuring the volume of nitrogen 
evolved The reaction may be represented by 

OeHgN • NC1-1-H20 =GcH 5 . OH+Ng+HCl. 

The quantity of diazo-benzene chloride decomposed is 
proportional to the total volume of nitrogen liberated. 
Hence if is the volume of nitrogen liberated when 
the reaction is complete, and the volume liberated in 
a time then 



^co 


For this experiment the apparatus depicted in Fig. 2 
is required It consists of a stout glass tube T, 15 ems 
long and 3 cms. diameter, fitted with a rubber stopper S 
which carries a rotatory stirrer R working in an air- 
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tight mercury joint M A capillary «ide-tube C, 1 mm. 
diameter, is attached to T. 

The mercury joint is made in the following manner ■ 
A hole 5 mm diameter is bored right through the stopper 
S (Fig. 3), and one 12 mm diameter, concentric with the 
first, is bored half way tlirough the stopper, as indicated 
in A. A piece of glass tube g, 
R about 4 cms. long, passes through 
the smaller hole, so that 5 mm 
project on the under side, and a 
second piece of tube h, 3 cms 
long and 12 mm. external dia- 
meter, is forced down to the 
bottom of the half-bored hole, 
so that an annular cup is formed 
in the cork. The stem of the 
stirrer B is made of a glass rod, 
slightly smaller in diameter than 
g, to which a piece of tube, 1-6 
cms. long and of the same dia- 
meter as g, is attached in an 
air-tight manner by means of a 
piece of rubber tubing r, A 
piece of tube i, of diameter 
intermediate to those of g and 
Ilf is attached to B by a rubber 
stopper. The two parts A and 
B are then put together, as indicated in C, the pulley P 
is attached, and the stimng rod bent as in the figure. 
Mercury is then poured into the annular cup, and thus 
seals the joint completely. 

Diazo-benzene chloiide must be freshly prepared for 
each experiment, and is best prepared in the following 
manner : 9’3 grams of redistilled aniline are dissolved in 




MASS ACTION AND VELOCITY 


17 


30 C.C. of hydrochloric acid of sp gr. 1T6, and the mix- 
ture cooled with ice. A solution containing 6 9 grams 
of vsodium nitrite in 100 cc of water is slowly added to 
this, and the solution made up to 1400 c.c. Place 30 c c. 
of the solution in the tube T, which has been supported 
in a therinpstat at 25°. Insert the stirrer and set it iii 
motion ; after ten minutes have elapsed, connect the side 
tube to a Heinpel gas-burette. Note tlie time when the 



Fio 3, 


connection is made, which serves as the commencement 
of the experiment Read the volume of gas evolved 
every thirty minutes, noting time, temperature, baro- 
metric pressure and volume. After about eight measure- 
ments have been made, place the reaction vessel in a 
beaker of hot water for about ten minutes, and then 
replace in the thermostat After the normal temperature 
has been regained, read off the volume yoa* Calculate the 
constant as indicated above. 

S.C. II. B 
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2. Bi-molecular Beactions 


The saponification of esters by alkalies is one of the 
most easily followed bi-molecnlar reactions. The rate 
of tliis reaction, as is clear from the equation 

CH, COOCHs+NaOH^CHg.COONa+CHgOH, 
depends on the concentration of the hydroxy] ions, and 
coiisequeiitly on the concentration of the alkali. Since 
the amount of alkali decreases as tlio reaction proceeds, 
it is obvious that the progress of the reaction may be 
followed by determining the concentration of the alkali 
from tune to time. Hydrolysis by alkalies occurs much 
more rapidly than hydrolysis by acids, and consequently 
the observations are more difficult to make. 

The expression representing the velocity constant of a 
bi-molecular reaction is 






(g — a?) b 
( 6 — 0 ))’ a* 


where a and 6 represent the original concentrations of 
the leacting substances, and x is the quantity transformed 
in time t 


Experiment 

Determine the Velocity (Jorn^tant of the Saponification 
of Methyl Acetate by Gimstic Soda, Make up solutions 

of methyl acetate, ^ caustic soda, ^ nitric acid and 

N 

baryta. The caustic soda solution must be free from 

sodium carbonate. (See p 67.) Place 100 c.c of methyl 
acetate solution m a 260 c c. stoppered bottle, and in a 
second bottle place 102 c.c of the caustic soda solution. 
Place both bottles in a thermostat, and while they &v& 
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reaching the temperature of tlie bath, measure accurately 
10 c c. of the standard nitric acid solution into a conical 
flask. Wlien the temperature of the solutions lias be- 
come constant pour the alkali into the ester, stopper the 
bottle and shake vigorously, noting the time at whicli 
the mixing took place The concentration oi caustic 
soda is obtained by calculation from the volumes and 
concentrations of the solutions mixed, the exact amount 
of alkali added being determined by adding about 80 cc. 
of water to the bottle which contained the alkali, and 
titrating the quantity left beliiiid in the bottle, and sul)- 
tracting the amount from the quantity originally taken 
When the leaction has been proceeding for about 
3 minutes, withdraw 10 c.c. and run it into the measured 
volume of staiidaid nitric acid, which stops the reaction. 
Note the time at which the pipette has half delivered its 
contents as tlie tune of stopping the reaction Titrate 
the excess of nitric acid by means of the standard 
liaryta solution. Make titrations of further quantities 
of 10 C.C in 5, 10, 15, 30, 60 and 100 minutes, and a 
tiiial titration in 24 hours In this experiment it is im- 
necessary to calculate the actual concentrations of the 
alkali and the ester, since they are proportional to the 
titration values 

If 01 ^ is the number of cc of nitric acid required to 
iicutialise the alkali at the commenc(‘uieiit of tlie 
reaction, at the end of the reaction, and at a time 
t, the value of k may be calculated from 

1 loga^b+IogvK-?i>oo) 
t ' log, ??o+ 

The above expression is derived from the ordinaiy 
equation for bi -molecular reactions by vsubstitiitiiig the 
titration values which are proportional to the various 
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factors, no, is proportional to the amount of alkali left 
after the reaction is complete, i,e {a — b\ where a is 
the original concentration of the alkali, and h that of 
the ester, is proportional to the concentration of the 
alkali at time U ‘le (a—x), (no — oia,) to the initial con- 
centration of the ester, ^ e. 6 , to the initial concentra- 
tion of the alkali, i e a, and noo) to tlie concentration 

of the ester at time /, (b — x) 

This experiment, which depends on the concentration 
of the hydroxyl ions, may obviously be used to deter- 
mine the relative strengths of bases, in the same way 
as described in an earlier experiment for acids (page 10 ). 

Determination of Degree of Hydrolysis 

Since the rate of saponification of esters depends on 
the concentration of either the hydrogen or hydroxyl 
ions, this process may be used to determine the degree 
to which salts of weak acids and strong bases, or weak 
bases and strong acids are hydrolysed. For a salt of a 
strong acid and a weak base is split up by water into 
the free undissociated base and the dissociated acid thus 

H 3 O + CO (NHal.HCl = CO(N + HCl + H ,0, 

giving the strong hydrochloric acid which furnishes 
hydrogen ions. A salt of a weak acid and a strong base 
is hydrolysed by water giving the acid whicli is 
practically undissociated, and the dissociated base thus . 

K2CO3+H2O = 2KOH+H2CO3, 

the strong base, caustic potash, furnishing hydroxyl ions. 

Consequently by using such salts to bring about the 
saponification of an ester, the amount of hydrolysis may 
be obtained by comparing the velocity constant with 
that obtained when the fiee acid or alkali are used to 
effect the saponification. 
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Expeiuments 

1 Detenmne tlie Amount of Hydrolynis of Urea 

N 

Hydrochloride in Water Solution. Make up an solu- 
tion o£ hydrochloric acid, and place 100 c.c. of it into each 
of two 250 c c. stoppered bottles. To one add an e(|uiva- 

N 

lent quantity of urea, ie. 0 56 gram, thus forming an ^ 

solution of urea hydrochloride. Determine the velocity 
constant for both solutions in the way described on 
page 10. Calculate the value of k in both cases from 
the titration values. If is the value for hydrochloric 
acid, /tg that for urea hydrochloride, and h the fraction 
of the urea hydrochloride hydrolysed, then 



The value of h is, of course, only for a half normal 
solution of the salt. Other concentrations may now be 
determined and the influence of dilution upon the 
amount of hydrolysis obtained. 

The amount of hydrolysis of sodium carbonate and 
potassium phenate may be determined in a similar 
manner, by adopting the method used in obtaining the 
velocity constant of sodium hydrate. For full details 
of these experiments see Shields, if /. Physik Ohemie, 
12, 1893, 167. 

Determination of the Order of a Beaction 

Study of the velocity of chemical reactions has shown 
that generally only in the case of the simplest reactions 
the number of reacting molecules is that represented by 
the chemical equation. Thus for example the decom- 
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position of phosphine hy heat is generally written 

4PH3=4P+6H^ 

This would indicate that the reaction is (juadii-inolecular, 
but expel iiiicnt has shown that it is only mono-molecular, 
and must be represented by 

PH3 = P+3H, 

with subsequent formation of phosphorus and hydrogen 
molecules 

The order of reaction may be obtained from the type 
of equation required to give a constant \^alue to the 
velocity constant Thus, if the above reaction is quadri- 
molecular, then the constant would be obtained from the 
expression 

^^=K(a-axy 

i ((c4— a!B>* a*) 

where a represents the original concentration of the 
phosphine and x the fraction which has decomiiosod at 
the time t Kooij {Zeit /. Physilc Ohemie, 12, 155, 1892) 
has shown that the value of is not in any sense 
constant, but if the values of a and x are inserted in 
the expression for a mono-molecular reaction, 

7 1 1 a 

a constant value is obtained, which signifies that the 
reaction is mono-molecular. 

Hence the order of a reaction may be determined by 
inserting the experimental data in the expressions for 
the various types of reaction and finding which equation 
gives a constant value to k 
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A aocond method, due to van’t Hoti', is based on the 
fact that the velocity of a reaction is proportional to the 
powei of the conceiitiation of the reacting suljstaiices, 


where a is the initial concentration and n the number 
of reacting molecules. If two experiments be made with 
different initial concentrations ct-j^ and then 


dt 





La 


2 5 


dividing these two expressions and taking logarithms 
we obtain the value of 




, dx. 


•l02 


In 


log Ui-logag 


To use this method, two solutions or quantities of the 
reacting substance are made up of different concentra- 
tions and and the initial concentrations carefully 
determined. They arc then allowed to undergo reaction 
for a given time t and the amount of change in each 
estimated. Let this be and respectively, then the 

values of log^, log^, logcq and logcf 2 inserted in 

the above equation, and n solved. 


Expektments 

1. Detmnhie the Order of Reaction of the Decom- 
poaition of Hydrogen P&roxide. The decomposition of 
hydrogen peroxide is generally expressed by the equation 

2H202 = H20 + 02, 
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but it has been shown that it is more correctly ex- 
pressed by the equation 

HA-HgO+O. 


If the former representation is correct the reaction is 
bi-molecular, but if the latter method is the correct one 
then the reaction is a mono-molecular one. 

Prepare two solutions of hydrogen peroxide, by adding 
5 c c. and 20 c.c. respectively of “ 20 volume ” hydrogen 
peroxide to 100 cc of water. Determine the strength 
of the solutions in gram molecules per litre by titration 
with potassium permanganate Carry out the deter- 
mination of rate of the reaction as described on page 8. 
Make about 6-8 determinations in each case, and 


calculate the mean value 


(1 T 

-jf from the titration 
at 


values. Then using the formula given above, calculate 
the value of 


2 Determme the Order of Beaction in the Sa/pohxi- 
fication of an Ester hy an Alkali. Carry out the 
experiment as described on page 18, and from the 
results calculate the constant, using the equations for 
mono- and bi-molecular reactions In the equation for 
mono-molecular reactions insert the values of the methyl 
acetate only, as was done in the case of the hydrolysis 
by acids Note that a constant value of k is obtained 
from the bi-molecular equation, indicating that the 
reaction is bi-molecular. 
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PAETITION OOEmOIENTS 

When a substance, which is soluble in each of two 
non-iniscible or partly miscible solvents, is shaken with 
a mixture of the two solvents it will distribute itself 
in a peifectly definite way between them If the 
dissolved substance has the same molecular weight in 
both solvents, then it is found that at equihbiium the 
ratio of the concentrations of the dissolved substance 
in the two solvents is constant. Thus, if and Cg are 
the concentrations in the two solvents, then 



where K is kno^vn as the Partition or Distribution 
Constant. 

Should the dissolved substance have different mole- 
cular weights in the two solvents, i.e. it is either 
associated or dissociated in one of the solvents, then the 
partition coeflScient cannot be obtained by the simple 
expression given above. 

Suppose a substance of molecular weight M is 
associated in one of the solvents to fonn molecules 
which are n times as large as the simple molecules, thus: 

Then if Ci is the concentration of the simple molecules 
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in tho non-associating solvent and Cg the concentration 
in the associating solvent 


or 






It will therefore be clear that tho study of the distribu- 
tion of substances between two solvents will furnish 
information about the molecular weights m those 
solvents. 


Experiments 


1 Leteimine the Partition Coejficient of Iodine 
hetiueen Water and Benzene, Place 100 cc of water 
and 100 cc of benzene in a 260 ce stoppered bottle 
and add about 6 grams of powdered iodine Cover the 
neck of the bottle and stopper with an indiarubber cap 
and shake for two hours in a thermostat. Allow the 
contents of the bottle to separate completely, remove 
5 c.c. of the benzene solution, and titrate with a standard 



solution of sodium thiosulphate. 


Res topper the 


bottle and shake for an hour more, and tlien titrate a 
further 5 c.c of the benzene solution. If the concentra- 
tion of the iodine in the benzene solution is constant, the 
concentration in the water solution may be determined. 
To do this, inseit a 20 c c pipette into the aqueous layer, 
keeping the top closed with the finger, then gently blow 
out any liquid which may have entered the pipette. 
Wait until the layers are quite separate again and 

withdraw 20 c.c. Titrate with an ^ solution of sodium 

50 

thiosulphate Repeat the experiment using 2 and 10 
grams of iodine. Calculate the partition coefiicient in 
each case. 
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2 Determine the Partition CoejticievI of fincmin- 
Aral i/i Ifater and Ether Place 100 cc. of cavl)Ou- 
(lioxido free water and 100 cc. of ether in each uf three 
2.10 ae stoppei'ed bottles, add 1 0, 0 5, and 0 25 grams of 
succinic acid respectively to the bottles. Stopiier and 
close the bottles with mdiarubber caps, and shake in a 
thermostat at 20'’ for an hour Allow the layers to 
separate, and analy.se as de.scnbed in the last e-xperiment 
N 

by titration with baryta solution, using phenol- 

phtlialein as indicator Calculate the partition coeffi- 
cient from the titration values. 

3. Ddevmine the Partition Oot^fjaaent of Ac(d 

in Benzene and Water, Shake together for 30 iniiiuteb 
in a thermostat at 25° the following mixtures : 

100 cc benzene, 100 c.c. water, 10 grams of glacial 
acetic acid. 

100 c.c. benzene, 100 c.c. water, 5 grams of glacial 
acetic acid. 

100 cc. benzene, 100 c.c. water, 2 grains of glacial 
acetic acid. 

c 

Titrate both layers, and calculate the i alues of * and 

o » 

c ^ 

, where is the concentration of acetic acid in the 

C2 

water solution and that in the benzene solution. Note 

that the factor increases as the concentration of acetic 
©2 

o ^ 

acid decreases and that is constant, indicating that in 

benzene solution acetic acid is associated and exists 
cliiefly as double molecules (CHg. OOOH.) 2 . 
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Detennination of the Relative Molecular Weight of Dis- 
solved Suhstauces If a substance is dissolved in a mixture 
of two solvents to form two solutions in equilibiiuiii, it 
follows that if the molecular weight of the dissolved 
substance in one of the solvents is known, the molecular 
weight in the other solvent may be deduced from a 
knowledge of the partition coefficient Furtlier, if the 
partition coefficient changes with concentiation, the re- 
lationship between concentration and the degree of 
association or dissociation in the second solvent can be 
calculated 

Consider a dilute solution of an acid in solution in 
two solvents, water and benzene. Let be the con- 
centration in the aqueous solution at equilibiiuni, and 
Cg that in the benzene solution Assume furtlier that 
a is the degree of dissociation of the acid in the aqueous 
solution. Then 

2^2 

-K, 


Ci(l-a) 


where K is the dissociation constant. If now v is tlie 
number of litres containing 1 gram molecule, i,e 




= K, 


from which the value of a may be calculated. 

Further, the ratio between concentrations of the simple 
unchanged molecules in both solutions is constant, hence 
if ^ be the fraction of the total acid in the benzene 
solution which is unassociated, 


Ci(I~q) 

CgjS 




^ 0 . 


0^-°^ 


Applying, now, the law of mass action to the acid in 
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the benzene solution, and assuming that the associated 
molecules are double, we have 


2a Aj, 

and 

Hence substituting the value of in this expression. 


we get 




Since is not clepondent upon concentration, we can 
obtain tlie value of a iseconcl iHpiilibriuiu mixtiue con- 
taining a different concentration of acid, e </ C\ and C ^ 

Then 

i Jien A , - 

and since a is known (see Chapter III ), k can be calcu- 
lated, and by substituting these values in 


tlie value of is known, i e. the concentration of the 
unassociated molecules in benzene solution, and conse- 
quently the degree of dissociation of the double molecules 
is known, and dissociation constant of these 

molecules, can be calculated 


Experiment 

Determine the Degree of Dissociation of Bi-moUciilar 
Acetic Acid in Benzene Solution. Place into each of 
four 500 cc. stoppered iDottles 200 c.c. of benzene and 
200 c c. of water, and add *i0, 2 0, 1 0 and 0*5 grams of 
glacial acetic acid respectively Close the bottles with 
rubber caps and shake for half an hour at 25“. Allow 
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the layers to separate, and determine tlie concentration of 

acetic acid in both layers by titration with ^ baryta 

solution, using 10 c.e of tlio aqueous solution and 20 c.c 
of the benzene solution for each titration 

In the last cxpeiinicnt it was shown that acetic acid 
formed double inolecule.s in benz(‘ne solution, hence from 
tlie data just obtained it is possible to calculate the 
degree of dissociation of tliese double molecules by 
means of the equations given above. 

To do this the value of a niiist first of all bo calculated. 
This is obtained from the dissociation constant K. 


where 'o is the number of c c of water containing: 1 oTam 

O o 

moleculj of acetic acid 

H»ce 

For acetic acid K = 1 8 x 10"^ 

The Ycilue of the constant for tlie ratio between tlie 
single simple molecules in both solutions may now be 
obtained by iiisoitiiig the concciitiaiiou values in both 
solutions for iw o dilutions in the exijression, 

\0 \a-a)Y ^ {0,(1 

7»*“C^2 — (I — tt) Aj J\ ^Ci — 02(1 — a)k 
where h is the only unknown. The value of either half 
of the above equation gives the value of the dissocia- 
tion constant of the double molecules. 

Hence since K = , 

^2(1 — /?) 

the value of /3, the degi*ee of dissociation, follows. 
Calculate /3 for all four solutions, and plot the results 



PAETITION COEFFICIENTS 


31 


as abscissae against the value of Cg as ordinates and so 
obtain a dissociation curve for the molecules (CHgCOC )H), 
This experiment may be repeated with any of tlu' 
acids given in the table below. The strength of tlic 
acid is proportional to the ionisation constant K, henco 
it will be an instructive experiment to determine the 
dissociation constant in benzene for two acids of widely 
differing ionisation constant and see whether there is 
any relationship between the strength of the acid and 
the dissociation constant of its d()iil)le molecules. 


Acid 

Ionisation CoBstaut 

Benzoic, 

6 0xi0-> 

Salicylic, 

102x10-3 

Cinnamic, 

3 5x10-' 

Acetic, - . - 

laxio-* 


Determination of the Hydrolysis of Salts 

It has been shown that if a mixture of two substances 
IS shaken with two immiscible or partly miscible solvents, 
these substances will distrilmte themselves between the 
two solvents independently of one another and each in 
exactly the same way as it would have done had the 
otlier substance been absent Use is made of this fact 
to determine the degree of hydrolysis of salts. Wlien a 
salt is hydrolysed by water, free acid and base are 
produced accoiding to the equation 

AB+HgO j:ha+boh. 

In the case of a salt of a weak organic liase tliis may bo 
represented hAB t B+AH, 

eg in the ease of aniliiie hydi ochloride wo have 

CeHjNHjHCl Z CoHoNHa+HC]. 
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If then aniline hydrochloride is dissolved in water, 
there will he present in the water a mixture of the salt, 
base and acid, and if iliis solution is shaken with another 
solvent, say benzene, all these substances will distribute 
tliemselves between the two solvents as they would 
have done had they been separately there alone But 
as the salt and hydrochloric acid are practically insoluble 
in benzene the concentrations of these substances in 
benzene may be taken as zero in this solvent It is 
experimentally impossible to determine directly the 
amount of free aniline in the water solution, but since 
there is practically nothing but aniline in the benzene 
solution the concentration of the aniline may be directly 
determined m this solvent. From the concentration of 
aniline in the benzene solution and the partition 
coefficient of aniline between the two solvents, the 
concentration of the free aniline in the water solution 
may be calculated, and consequently the amount of 
hydrolysis determined, 

Experbient 

Determine the Amoibut of ITyclrolysis of Aniline 
Hydrochloride in Water at 25"* Make up solutions of 
aniline hydrochloride in water, containing respectively 
20, 10 and 6 grains of the salt in 1100 cc. of water. 
Determine exactly the concentration of the salt by 
titrating with a standard solution of potassium bromate 
and bromide For the method of preparing and using 
this solution see page 129, Part I. Then place 1000 c c, 
of each of these solutions in three large stoppered 
bottles and add 75 c.c. of benzene to each solution It 
is essential here to note that the volumes of these 
solutions must be carefully measured. Stopper and 
cover the bottles with rubber caps and shake for an 
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hour at a definite temperature, say 25°. Place in a 
500 C.C. stoppered bottle 400 c.c. of water, 75 c.c. of 
benzene and 5 grams of aniline and shake for an hour. 
Allow the solution to separate and determine the 
partition coefficient of the aniline between water and 
benzene by analysing both layers of the bottle which 
contains aniline only. This may be done by titrating 
with the standard bromate and bromide solution. 
Determine the concentration of aniline in the benzene 
layer of the other bottles. An alternative method of 
anal 3 ’Riiig the solutions consists in withdrawing a 
measured quantity, saturating it with hydrochloric acid 
gas, evaporating to dryness and weighing the residue of 
aniline hydrochloride. The former method is however 
to be preferred The calculation is carried out as 
follows : At equilibrium we have the condition expressed 
by the equation 

C 6 H 5 NH 3 HOI t OeH 5 NH 2 + HOI 

in the water solution. 

Hence from the law of mass action, if a, jS, y and S 
represent the concentrations, in gram equivalents per 
litre, of salt, water, aniline and hydrochloric acid 

aK = v(5, (i) 

since jS, the concentration of the water, is constant 
throughout the experiment. 

If C be the concentration, in gi’am equivalents per 
litre, of aniline hydrochloride in the water solution 
before the addition of the benzene, and the concentra- 
tion of the aniline, in gram equivalents per litre, in the 
benzene solution at equilibrium, then if L is the partition 
coefficient of aniline between water and benzene, 

Ci=LC2 

o 


S.C. II. 
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where is the concentration, in gram equivalents per 
litre, of free aniline in the water solution, 


ie. y=C2=^. 

The weight of aniline in the benzene layer is ■ 

grams, where v is the volume of the benzene and 93 the 
equivalent weight of aniline; also since the volume of 
the water is 1000 c.c., CgXDS represents the weight 
of free aniline in the water layer. The total weight of 
aniline taken as salt was 93 XC grams, hence 


93C-98C2~ 


93CiV 

1000 


represents the weight of aniline present, combined as 
hydrochloride This is only found in the water layer, 


hence 


2, 

93 


^ 93 c 93C2 ” 


93Cii;\ 

1000 / 


C- 


C2- 


Ci'U 

1000 


gives the concentration, in gram equivalents per litre, of 
the unhydrolysed aniline hydrochloride. 


i.e. 


a = C-C2 


1000’ 


This factor also represents the concentration of the 
combined hydrochloric acid, consequently the free hydro- 
chloric in gram equivalents per litre is given by 


d==C— C-I-C2 + 


C^v 

1000 


= ^2 4 


OjV 

looo' 


Substituting these values in the equation 


K==: 
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1000 

we get K — 

^ °2 1000 

from which K, the liydrolysis constant, can be calculated. 
When pure aniline hydrochloride is dissolved in water 
the concentration of the free aniline and free hydro- 
chloric acid produced by the hydrolysis must he the 
same. 

‘te y= 5 , and (0 — 7 )= the concentration of the un- 
liydrolysed salt. 

Hence y X y = K(C — y), 


or 


K = 


(c-7) 


Since C and K are both known, y may now be calculated. 


The degree of liydrolysis h is given by the ratio of the 
concentration of the free base in water solution to that 


of the salt originally taken, 



and the percentage hydrolysis by 1007). 

Calculate the value of K for each of the solutions and 
use the mean of the determinations to calculate the 
value of y for other solutions, employing the value of 
C obtained in the original titrations. 

As an additional exercise, the hydrolysis of potassium 
phenate may be determined, using water and benzene as 
the solvents, and titrating the phenol in the benzene 
solution by means of a standard solution of bromate and 
bromide in the piesence of dilute hydrochloric acid, 
exactly as with aniline. 



CHAPTER III 


CONDUCTIVITY OF ELECTEOLYTES 

An electric current passing through an electrolyte obeys 
the same laws as one flowing along a metallic conductor, 
the current strength in both cases being directly pro- 
portional to the electromotive force driving the cuirent, 
and inversely proportional to the resistance of the 
conductor. This is expressed by Ohm’s Law, 



where C is the current strength in amperes, r is the 
resistance in ohms, and e the electromotive force (e m.f ) 
in volts. 

At the outset it will be well to define the various 
electrical units employed, together with their relation- 
ships to one another. 

The unit of electrical (luantity is the Coulomh This is 
that quantity of electricity, which placed at a distance 
of 1 cm. from an equal quantity repels it with a force of 
one dyne. It is also that quantity of electricity which 
will liberate O’OOOOIOT grams of hydrogen from a solu- 
tion containing hydrogen ions. 

Current strength is defined as the quantity of electricity 
which flows across a given cross-section in one second 
The unit of current strength is the ampere, which repre- 
sents the passage of a current of one coulomb per second 
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across a given cross-section An ampere, as will be seen 
from Ohm’s Law, is the current which flows in a con- 
ductor that has a resistance of one ohm, when the E m.f. 
driving the current is one volt 

The unit of resistance, the ohm, is defined as the 
resistance oflered to the passage of an electrical current 
by a column of mercury 106*3 cms. long and 1 mm. 
cross-section at 0°. 

The volt is the electromotive force necessary to drive 
a current of one ampere through a resistance of one 
ohm. 

The conductivity of a substance, i e, its power of con- 
ducting an electric current, is obviously the reciprocal of 
its resistance, and since the specific resistance of a sub- 
stance is the resistance of a cube of the substance of 
1 cm. edge, the specific conductivity of a substance is 
defined as the conductivity of a cube of the substance of 
1 cm. edge This factor will be designated K in the 
present chapter. 

Knowledge of the specific conductivity of solutions 
does not lead very far in physico-chemical work, because 
tlie conductivity of a solution is not due to the whole 
of the material lying between the electrodes, but only to 
the dissolved substance. Hence, in order to obtain con- 
ductivities of solutions which shall be comparable, they 
must be represented as functions which take account of 
the amount of the dissolved substance. There are two 
such quantities in general use: (1) The equivalent con- 
ductivity and (2) the molecular conductivity. 

The equivalent conductivity, represented by the symbol 
A, is defined as the conductivity of a solution containing 
one gi-am equivalent of the dissolved substance when 
placed between electrodes of an indefinite size situated 
1 cm, apart. 
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Molecular conductivity, designated by the symbol /i, 
is the conductivity of a solution containing one gram 
molecule of the dissolved substance, when placed 
between electrodes of an indefinite size 1 cm. apart. 

The relationship between specific conductivity and the 
derived functions is expressed in equation form thus : 

and A = Kv, 

where v and represent the volume of solution in cubic 
centimetres, which contains one gram equivalent and one 
gram molecule of the dissolved substance respectively. 

In this section we are only concerned with the con- 
ductivity of solutions ; the conductivity of solids, liquids 
other than solutions, and gases belongs to the domain of 
physics. 

One class of solutions only conducts electricity, namely 
electrolytes Electrolytes are solutions of substances 
which are ionised, i.e. dissociated into ions on solution, 
and consist almost entirely of aqueous solutions of acids, 
bases, and salts. 

Measurement of the Besistance of Solutions 

Resistance is generally measured by means of a 
Wheatstone Bridge. This consists of a system of resist- 
ances RSac (Fig. 4) connected as in the diagram. A 
battery B is connected to a and c, so that the current 
flows along the two paths abc and ode The total fall of 
potential along the two paths is the same, consequently 
if R and S are two resistances, one of known value and 
the other unknown, there must be some point d along 
ac at which the fall of potential between a and d is the 
same as that between a and b, where b is the point of 
contact between R and S This point is found by con- 
necting one terminal of a galvanometer G to 6, and the 
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other to a sliding contact which can be moved along the 
wire ac. At the point d, where the potential is the same 
as at 6, no current will flow from & to d, and consequently 
there will be no deflection of the galvanometer When 
this is the case, the ratio of the resistances R :S will be 
the same as the ratio of the resistance of ad : dc, and if 
ac is a wire of uniform resistance, the resistances of ad 
and do will be in the same ratio as their lengths, ie. 

R : S : : length ad : length do ; 

RX length dc 
length od 



Fig ^ 

To measure the resistance of a solution the arrange- 
ment must be slightly changed, for when a current is 
passed through a solution the electrodes are changed, 
ie polarised, and to measure the resistance with con- 
stantly varying electrodes means, inevitably, false results. 
Consequently, instead of a direct current, an alternating 
current is used , this is obtained from the secondary coil 
of a small induction coil A galvanometer of the ordinary 
type is useless for determining the point of balance, i.e. 
equal potential, when using an alternating current, and 
is substituted by either a telephone or an electrodyna- 
mometer. In general work the telephone is almost 
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always employed, although in many respects the dyna- 
mometer is superior to it. The arrangement is now as 
indicated in Fig. 5. R is a box of resistance coils, W the 
cell containing the solution whose resistance is to be 
measured,"!" the telephone, I is a small induction coil 
which is worked by an accumulator, and ab is a 
uniform wire, along which a sliding contact c may be 
moved until the point is reached at which d has the 
same potential as c. When this is the case no cuiTent 
flows thi-ough the telephone, and consequently it is 
silent. It will be noticed here that the positions of the 


d 
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source of current and the indicating instrument have 
been interchanged from the arrangement usually adopted 
in the measurement of resistances of metallic conductors. 
This arrangement is to be preferred, because when the 
telephone is connected to the slide contact the noises 
produced in it when the contact is pressed down are apt 
to interfere with the sharp definition of the point of 
balance; and, further, when the sHde contact is not pressed 
down no current flows through the cell. 

Some description of the various parts of the apparatus 
employed is needed, and this will be given here. 
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1. The bridge wire consists of a uniform wire, 1 metre 
long and 01-0 2 mm. diameter, made of either platinum, 
iridio-platinum, or constantan. This is fastened to two 
brass plates A and B (Fig. G), which are placed 1 metre 
apart at either end of a piece of wood, which carries a 
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scale graduated in millimetres. The wire is therefore 
tightly stretched between the metal plates and lies above 
the graduations, as indicated in the diagram Terminals 
ab are attached to the brass plates, which serve for 
making electrical contact with the wire A sliding 
contact C is attached to 
the bridge , this is fitted 
with a platinum edge, by 
means of which contact 
can be made with any 
point of the bridge wire. 

Sometimes the bridge 
wire is coiled round an 
ebonite drum, as illus- 
trated in Fig 7. The 
contact is made by a 
small platinum point b, 
wlncli slides along the wire, and is connected to the 
terminal b' by means of a stiff support and a flexible lead. 

In this arrangement, when the drum is rotated the 
contact slides along the wire, its position being read 
on the scale d, which gives the number of complete 
rotations made by the drum. The fractions of rotations 



Fig. 7. 
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are read from the graduations on the drum. Tlie wire 
is wound round the drum in 10 complete turns, so that 
each complete turn advances the contact 0 1 of the 
length of the wire, the drum is divided into 10 large 
divisions which are each subdivided into 10 smaller 
divisions, and these can easily he read to a tenth part. 
Tlie terminals hk are connected with the ends of the 
bridge wire by means of the spring contacts ee 

Calibration of the Bridge Wire. A bridge wire, just 
like any other measuring instrument, must be calibrated 
before use. 

This can be done, easily, in two ways : (1) by means 
of a resistance box which has been calibrated, and (2) 
by Strouhal and Baius* method. 



(1) By oneana of resistance box. The two ends of the 
bridge wire a, 6, Fig. 8, are connected to the two end 
terminals ef of a resistance box R. Two plugs, which 
place resistances of 100 ohms each in the circuit, are 
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removed, and the contact d between them is connected 
through a galvanometer G to the sliding contact c on 
the bridge A battery B is connected across the ends 
of the bridge wiie. The sliding contact is now moved 
until the galvanometer is not deflected. This should be 
at the division 500 if the bridge wire is uniform. It will 
generally be found to be other than this position, say 
5002. Hence a correction of —02 mm. is necessary at 
this point. The corrections necessary at other points 
are determined by changing the resistances in the box, 
at either side of the contact cZ. A scheme of such a 
determination, showing the resistances to be used in 
the box for the various points on the bridge wire, is 
given below. 


Eebistiiiices of 
Aims of Box. 

Correct Budge 
Beadmg 

Actual Budge 
Reading. 

Correction. 

10 . 

. 900 

10 

101 

—0 1 mm. 

20 

980 

20 

19 8 

+0 2 


30 

970 

30 

29 9 

+0*1 


50 : 

: OoO 

50 

49 8 

+0 2 

n 

100 

900 

100 

1010 

-10 

» 

100 

400 

200 

200*0 

±00 

n 

300 

700 

300 

301 1 

-1 1 

it 

200 

300 

400 

400 8 

-08 

it 

100 

100 

600 

500 0 

±00 

it 

300 

200 

600 

601-0 

-10 

it 

700 

300 

700 

700 4 

-04 

it 

400 . 

, 100 

800 

799 8 

+0*2 

it 

900 ; 

:100 

900 

901*4 

-1*4 

it 


The corrections should then be plotted against the 
observed bridge readings and a calibiation curve drawn 
which should be used to correct all readings. 

(2) Method of StrovJial and Barus. This method is 
very similar in principle to that adopted in calibrating 
a capillary tube (Chapter IX., Pait I) The method 
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consists in comparing the losistance o£ a series of short 
lengths of tlie bridge wire. This is done by connecting 
a second resistance, made up of ten approximately equal 
resistances, in parallel with the bridge wire to be 
calibrated The calibrating resistance consists of a strip 
of hard wood or ebonite ah (Fig 9) into which 11 mercury 
cups are bored The ends of the single resistances dip 
into these cups and so form a continuous resistance. 


G 



The single resistances are made from coils of manganin 
wire, each of which has a resistance about ^ that of 
the bridge wire The manganin wires are soldered to 
thick copper wires, which are bent at right angles The 
resistances are protected by being placed in glass tubes 
which are closed with sealing wax, leaving only the thick 
copper ends free The ends of the calibrating resis- 
tance, e,/, aie connected to the ends of the bridge wire, c, d, 
which are permanently connected to a single accumulator 
A. The sliding contact g of the bridge wire is connected 
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through a galvanometer G with a long flexible lead 
which is amalgamated at its free end. To calibrate the 
bridge wire the free end of the flexible lead is placed 
in mercury cup 1, and the sliding contact moved until 
there is no deflection of the galvanometer needle. When 
this IS the case the resistance of the short length of the 
bridge wire will bear the same relation to the resistance 
of the whole wire as the resistance of bears to the sum 
of the ten resistances. The length of the bridge wire 
which is proportional to may be termed L The 
resistance is now interchanged with and the 
position of balance again found with the galvanometer 
lead still in the mercury cup 1, this position is say on 
tlie bridge wire. The galvanometer lead is then moved 
to cup 2 and the position of balance again found, say 
The difference gives a second length of the bridge 
wire which bears the same relation to the resistance of 
the whole wire as the resistance does to the sum of 
the ten resistances, i.€, Zg — = L The resistances and 
are now interchanged, and the position of balance found 
without changing the position of the galvanometer lead ; 
this gives a length of wire proportional to the sum of 
the resistances and The galvanometer lead is now 
placed in mercury cup 3 and a new position of balance 
is obtained. The difference Z4— Zg gives a third length 
of wire which bears same proportion to the whole wire 
that does to sum of the ten resistances, i,e, the resist- 
ance of Z4 — Z3 is equal to the resistance of L This process 
is repeated until the galvanometer lead is in the mercury 
cup 9, the length in this case being subtracted from 1000 
to give the tenth length of wire, which has the same 
resistance as the first piece I The sum of the ten 
measured lengths is subtracted from 1000, and one 
tenth of the difference is added to each of the measured 
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lengths, so that now there are ten lengths which together 
make up the total length of the bridge wire, and these 
are successively the lengths which should correspond to 
the bridge wire readings of 100, 200, 300, etc. The 
differences between the determined lengths and the scale 
readings give the corrections that must be applied to the 
bridge wire at these points. The corrections should be 
plotted against the bridge readings to give a calibration 
curve wdiich should be used in all determinations A 
series of values is given in the table below, which will 
indicate the method adopted in the calibration. 
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The sum of the lengths in column 4 is 998 3, this 
subtracted from 1000 gives +17, 017 must be 

added to each of the ten measured lengths in column 
4 to give the lengths represented hy the scale readings 
100, 200, 300, etc. The corrections in column 7 must be 
plotted as abscissae against the values in column 6 as 
ordinates, and a curve drawn. This will show at once 
the correction to be applied to any reading on the bridge 
scale. The description above makes use of a galvano- 
meter to detect the point of balance, but a telephone 
may be used , of course in this case the battery must be 
substituted by an induction coil and battery. 

2 The Resistance Box consists of a number of resist- 
ances of various values, attached to a series of brass 


P 



blocks which are fastened to an ebonite slab and so 
insulated from one another (Fig. 10). The spaces between 
the brass blocks are fitted with well ground brass plugs, 
which have ebonite handles, and these when in position 
serve to make metallic contact, of practically no resist- 
ance, between the brass blocks and so prevent the 
current passing through the resistances connected to 
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the brass blocks. The end blocks are connected to 
terminals (Fig 8), so that when all the plugs are in 
position there is practically no resistance between the 
box terminals But if a plug is removed, then the 
resistance, lying between the two blocks connected by 
that plug, is placed in the circuit. The wire constituting 
the individual resistances is always wound in double 
coils, A (Fig 10), to prevent self induction. The value 
of the various resistances is always stated on tlie ebonite 
slab holding the brass parts. When not in use the 
plugs should be placed loosely in the holes allotted to 
them, and when the box is in use they should be given 
a twist so that a firm and good contact is made. I'he 
plugs should never be placed on the laboratory bench, 
but always either in the lid of the box, or in holes 
provided in the brass pieces of some resistance sets. 
It is especially important that the metal part of the 
plugs should not be touched with the fingers, otherwise 
they will become greasy and make imperfect contacts. 
Greasy plugs may be cleaned by washing with light 
petroleum. Resistance boxes generally contain the 
following resistances 1, 2, 2, 6, 10, 10, 20, 60, 100, 100, 
200, 500, and 1000 ohms. Larger boxes go up to 10,000 
ohms ; but for our purpose a box containing resistances 
up to 1000 ohms will be sufficient. 

Calibration of a Resistance Box. A set of resistances, like 
every other instrument for exact measurement, must be 
calibrated before use. To calibrate a set of resistances, 
the arrangement illustrated in Fig. 11 is employed. The 
ends of the resistance box, a, 6, are connected through a 
commutator K with the ends of the bridge wire, c, d A 
galvanometer, G, is also connected across the bridge 
wiie. A battery, B, is connected to the sliding contact 8 
and the point between the two resistances of the box 
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wliicli are to be compared. All the connecting wires 
must be thick, so as to have a negligible resistance. 

The resistances 1, 2, 2 and 5 are then compared with 
the 10 ohm resistance, and the position of balance on 
the biidge wire determined. The commutator is then 
reversed so that the resistances are interchanged ; if now 
the balance is maintained the resistances are equal, but 
if the sliding contact has to be moved to regain the point 

G 



of balance, say n mm., then the ratio of the resistances 

is given by • The two 10 ohms are then 

compared in the same way, the 20 with the sum of the 
two 10 ohm resistances, and so on until the whole ha're 
been compared Then it is usual to assume that the 
sum of 1, 2, 2 and 5 is correct and equal to 10 ohms, and 
calculate the others on this basis. The real value of 
the sum of 1, 2, 2 and 5 is given by comparing them 
with a standard 10 ohm resistance ; the true value of 
the other resistances can then be calculated. The method 
of calculating the relative values of the different resist- 
ances is the same as that given in Chapter II., Part I, 
S.O. ii, n 
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for the calibration of a set of weights For any but the 
most accurate work, all but the very cheapest resist- 
ance boxes are quite accurate enough for use without 
calibration. 

3. The Induction Coil. The coil used for the determina- 
tion of conductivity sliould bo small and of few windings. 
Should a large coil be used, quantities of electricity 
which are far too large will be sent through the solu- 
tions, producing considerable polaiisation of the electrodes, 
with its attendant inaccurate results The hammer of 
the coil should be light, and should vibrate very rapidly, 
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thus producing a high-pitched note in the telephone, 
which is much more easily distinguished than a low- 
pitched note An induction coil due to Nernst is very 
suitable for this work. The hammer is substituted by an 
oscillating wire, Fig. 12, carrying a soft iron core in the 
middle. The tone of the note heard in the telephone 
may be changed readily by means of the screws C C and 
ff The current should only be sent through tlie coil 
during the actual measurements, and not be kept flowing 
between the measurements. It should also be only just 
strong enough to work the coil. Generally, a difficulty 
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is experienced at first in differentiating between the 
iioivse of the hammer and the sound in the telephone ; this 
usually disappears after a while, but if it continues 
the noise of the coil may be damped considerably by 
standing it on a piece of thick felt and at some dis- 
tance from the operator 

Conductivity Vessels The vessels in which the measure- 
ment of the conductivity of a liquid is carried out are of 
various forms and dimensions, depending on the nature 
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of the solution under observation They are made gene- 
rally of Jena glass, and are provided with a pair of 
platinum electrodes, fused into glass tubes and supported 
by an ebonite stopper which is fitted to the vessel. 

For ordinary determinations the most suitable vessels 
to employ are those represented in Fig 13, the form A 
has a tube narrowed down to about 1 cm. diameter, and 
is used for electrolytes which conduct well. The form 
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B is used for electrolytes having a poor conductivity. 
As will be seen in the diagram, the platinum plates, a, 6, 
are attached to stout platinum wires which are fused into 
the glass tubes, <?, d Electric connection between the 
plates and the rest of the circuit is made by means of a 
drop of mercury poured into the 
tubes. 

For liquids which conduct 
electricity very well, the form 
of vessel indicated in Fig. 14 is 
the most suitable This consists 
of two wide tubes, a, 6, con- 
nected by a narrower tube c. 
The electrodes, as before, are 
inserted through ebonite stop- 
pers, c2, e, but in this vessel they 
are movable, thus making tlie 
vessel suitable for solutions of 
conductivity extending over a 
wide range. 

When saturated solutions have 
to be measured the forms of 
conductivity vessel already men- 
tioned are not convenient, and 
one of the following forms is 
used. The dipping electrode 
(Fig 15) consists of two platinum 
plates fused into two tubes a 
and h ; these are fused to a wider tube c, which serves 
to protect the plates Connection with the measuring 
circuit is made by drops of mercury placed in the tubes 
tt, &. Such an electrode may be dipped directly into the 
bottle containing the saturated solution. 

The pipette electrode (Fig. 15) consists of a pipette c 
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furtiished with a st<jpcock d. The electrodes are placed 
in the bulb of the pipette and connected by tlie side 
tubes, Cj f, througli a drop of mercury with the rest 
of the circuit Such a pipette may be surrounded by a 
glass jacket containing water at a given temperature. 
The pipette is then dipped into the solution, filled, and 
the conductivity deteiiuincd in the ordinary way. 
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It is important in conductivity determinations that 
the liquid shouhl not exert a solvent action on the glass 
of the conductivity vessel. This may be prevented by 
using vessels made of Jena glass j other glass^rare may 
be used if it is thoroughly steamed out before use This 
is best done by inverting the vessels over a jet of steam 
for 30— to minutes. An arrangement for doing this is 
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D4 

depicted in Fig. 1 6 , the apparatus consists of a flask A, 
into the neck of which a funnel B, with a wide stem, is 
tightly fitted by means of a rubber stopper. A glass 
tube C is inserted tightly into the stem of the funnel by 
means of a piece of rubber tubing The vessel to be 
steamed is placed on C, and steam from the boiling 
water in A allowed to play on its 
surface. 

All glass vessels, which come directly 
in contact with tlie liquids whose con- 
ducti\'ity is to be measured, should be^ 
steamed out before use 
The electrodes employed in conduc- 
tivity measurements must be prepared 
with extreme care. Bright platinum 
electrodes only give satisfactory results 
when the conductivity of the solution 
does not exceed 0*0004 reciprocal ohms, 
and for solutions of a greater conduc- 
tivity than this they must be coated 
with platinum black. Such coated 
electrodes will give perfect results for 
solutions having conductivities up to 
0 01 reciprocal ohms, and moderately good results up to 
0*5 reciprocal ohms. Solutions which have a better 
conductivity than this should be measured with electrodes 
coated with palladium black, w’^hich enables good results 
to be obtained with solutions having conductivities up 
to 0 04 reciprocal ohms, and moderately good results 
up to 0*2 reciprocal ohms. The measurements with 
unsuitable electrodes are unsatisfactory on account of 
the difficulty experienced in finding the position of 
minimum sound in the telephone. 

It is advisable always to use platinised electrodes, but 
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these must not he used where the platinum is likely to 
have a catalytic action on the solution. The conductivity 
of the solution can always he brought to within the 
limits of accurate measurement by a suitable choice of 
the type of vessel, or by moving the electrodes further 
apart 

Platinising of Electrodes. Electrodes are best platin- 
ised by immersing them, after they have been thoroughly 
freed from grease by wasliing with warm chromic acid 
solution, in a solution consisting of 3 grams of chloro- 
platmic acid and 002-0 03 grams of lead acetate in 
100 c.c. of water. The electrodes are placed in an 
inclined position to facilitate the removal of any gas 
which may be liberated on them, and connected through 
a reversing switch to two accumulators, so that they 
serve as electrodes in the electrolysis of the solution. 
The current is allowed to flow for 15 minutes, its 
direction being reversed every half minute, and should 
bo so regulated that the evolution of gas is not very 
rapid. In this way tlie electrodes will be coated with 
a black velvety coherent deposit of platinum. The 
electrodes, as thus prepared, will conteiin, occluded in the 
platinum black, gases and quantities of the platinising 
liquid. To remove these, it is best to place the elec- 
trodes in dilute sulphuric acid and pass a cuiTent for 
about half an hour, reversing it every minute. The 
electrodes should then he washed several times with 
warm air-free water, and finally left standing in air-free 
water until required for use. 

Conductivity Water. Ordinary distilled water possesses 
so large a conductivity that it is rendered quite unsuit- 
able for the preparation of solutions to be used in 
conductivity determinations. Hence, water has to be 
specially pmified before it is suitable for this purpose. 
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Such water is termed “ conductivity water,” and should 
have a conductivity not greater than 2-3 x lO'® reciprocal 
ohms The purest water that has been obtained has a 
conductivity of 4 x 10"® reciprocal ohms, hut it loses this 
high resistance on standing in the air for a few hems, 
due to the ahsoiption of carbon-dioxide, and in a day or 
two when preserved m a closed flask, due to the material 
dissolved out of the walls of the fl^k 
Conductivity water good enough for ordinary purposes 
can be prepared from ordinary tap water by warming it 
with a few c.c, of potassium permanganate solution 
acidified with a few drops of sulphuric acid, and then 
distilling off the water. The distillate is then shaken 
with a small quantity of caustic soda and redistilled 
These two distillations may be cairied out with an ordi- 
nary glass condenser The water must then be redistilled, 
using a tin tube to condense it in, and the first and last 
thir^ must be rejected. To prevent the contents of the 
dial , filing flask spurting into the condenser tube, it is 
well to close the end of the condenser which enters the 
distillation flask, and pierce a few small holes in the 
dosed end. The final distillation should be carried out 
in a room free from laboratory fumes. The conductivity 
water should be stored in a large, thoroughly steamed- 
out glass bottle, which is fitted with a paraffined cork 
carrying a soda-lime tube and a syphon. The water 
thus prepared may be improved by bubbling a stream of 
carbon-dioxide free air through it for the purpose of 
removing any carbon-dioxide which it may contain. 
Conductivity water should not be kept stored for more 
than a week, and generally it is better to use water 
which has been freshly prepared. 
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The Eesistance Capacity of the Cell 

It has already been noted that the conductivity values 
whicli are of use in physico-chemical determinations are 
the molecular conductivity and the equivalent conduc- 
tivity. These have been shown to be functions of the 
specific conductivity, which is defined as tlie conductivity 
of 1 c c. of the solution measured between electrodes of 
1 sq cm. area, and placed 1 cm. apart. If then the 
electrodes of the vessels do not fulfil these conditions, 
the conductivity actually measured will have to be multi- 
jJied by a factor to convert it into the specific conduc- 
tivity. If K represents the specific conductivity of a 
solution, and C its measured conductivity in reciprocal 

ohms, ~, where R is the measured resistance of the 

R 

solution, then K — ON — ~ 


where N is the required factor known as the resistance 
capacity of the cell, or the cell constant 
The value of N may be calculated from tlie dimensions 
of the electrodes and their distance apart. If s repre- 
sents the area of the electrodes in sq. cms. and I the 
distance apart, 

I J I 


N=- 


K=:C-=— . 
S RS 


These expressions would be exactly true if the electrodes 
exactly fitted the vessel in which the conductivity was 
to be measured. Should this, however, not be the case, 
then a factor must be introduced to allow for the form 
of the vessel. 

In general, therefore, the cell constant is not deter- 
mined in this way, but by measuring a solution of known 
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specific conductivity in the cell, and from the observed 
conductivity calculating the constant. Thus 



Solutions of potassium chloride of known concentration 
and known specific conductivity are employed in the 
determination of the cell constant It is advisable to 
use a solution of potassium chloride in this determina- 
tion whose specific conductivity approximates to the 
conductivity of the solutions to be subsequently measured 
in the vessel. A table is given below of the specific 
conductivities of solutions of potassium chloride of 
various concentrations at a series of temperatures. 

Specific Conductivity of Potassium Chloeide 
Solutions 


Temperature 


0 “ 

5“ 

10 “ 

15“ 

20 “ 

25“ 

30“ 


N. 


6 54x10-2 

7 41 X 10 -J 

8 32 X 10 -* 

9 23 X 10 -« 
1 02 X 10-1 

112x10-1 


N 

10 


716x10-5 
8 22x10-5 
9-34 X 10-5 
10 48x10-5 
1167x10-5 
1289x10-5 
1412x10-5 


E 

50’ 


1 622x10-5 

1 762x10-5 

1- 996x10-5 

2 243x10-5 

2- 501 X 10-5 
2-768x10-5 
8 036x10-5 


100 ’ 


776x10-* 
8 96x10-5 
1019x10-* 
1147x10-* 
12 78X10-* 
14-12x10-* 
15 62x10-* 


Expeeiments 

(i) Detemme the Resistcmx Gapaoity of a Ooiid/act- 
mg Cell. This -determiiiation must be carried out at a 
definite known temperature, for temperature, as can be 
seen from the table above, has a great influence on the 
conductivity of solutions, causing an increase in con- 
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(liictivity of about 2 per cent per degree increase of 
temperature Hence the conductivity vessel must be 
supported in a thermostat during the measurement (see 
(.Chapter III , Part I*) This is best done by a spring clip 
permanently attached to the side of the thermostat. 
Connect up the bridge wire with a resistance box, con- 
ductivity cell, induction coil and telephone, as indicated 
ill Fig 5, page 40 The connecting wires must be 
all made of stout insulated copper, and must possess 
only an inappreciable resistance. The ends of the con- 
nections should be cleaned with emery paper before 
fastening them in the binding screws The leads, which 
are to dip into mercury cups, or into the mercury 
contacts of the conductivity cell, should be cleaned by 
immersing in dilute nitric acid, washed, and amalgamated 
by immersing in mercurous nitrate solution. Wash the 
electrodes of the conductivity vessel with the solution 
which is to serve for the measurement of the resistance 

capacity, in this case ^ KOI, then place a quantity 

of the solution in the cell, insert the electrodes, taking 
caio not to rub off the platinum black. Place the cell 
in the thermostat and make all the necessary connec- 
tions. When the cell and its contents have taken on 
the temperature of the bath, measure the resistance of 
the cell To do this, remove plugs from the resistance 
box, so that a resistance of 500 ohms is inserted in the 
circuit, and set the induction coil in action. Find the 
position of the slide-contact on the bridge wire at which 
the telephone is silent. It is generally impossible to 
obtain absolute silence in the telephone, but there is 
always a position of minimum sound, i <?. a position at 
which moving the slide contact in either direction causes 
the sound to increase in intensity. 
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Should the sound minimum be indistinct, the electrodes 
require leplatiiiising Tlie resistance in the box should 
be chosen so that the position of balance is near tlie 
middle of the bridge, for here the accuracy is greatest. 
Having found the position, note the reading, cliange the 
resistance in the box and remeasure Make three deter- 
minations, and then empty the solution from the conduc- 
tivity vessel, retill it with a fresh portion of the solution 
and remeasure. Should the second set of readings differ 
from the first set, it indicates that the electrodes were 
not free from absorbed substances, and that these have 
dissolved in the first portion of potassium chloride 
solution. If the two sets of readings do not agree, pour 
out the solution after the measurements have been 
made and measure a further quantity ; repeat the process 
until two successive quantities give practically the same 
values. Calculate the resistance of the solution for each 
measurement ; the mean of the whole can then be taken 
as the resistance of the solution If I represents the 
position on the bridge in mm. at which the sound 
minimum occurs, and R the resistance in the box, then 
if Ri IS the resistance of the solution 
Ri R::1000-Z:J, 

„ _(1000~i)R 


The conductivity, C, of the solution is then given by 

I 


^“Ri~(iobo-Z)R 


N 


If now K represents the specific conductivity of 

potassium chloride solution at 25®, and N tlie cell 
constant, _ K _ K(1000 -l)n 

N — — 
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A tatle of the values of logio will be found in 

the Appendix, Table I. The cell constant, as already indi- 
cated, depends on the position of the electrodes; care 
should therefore be taken that they are Hot changed in 
any way. The cell constant should be redetermined if 
tlie electrodes are replatinised, and generally ought to be 
redetermined if the cell is out of use for any length of 
time. 

(ii) Determine the Gondxictivity of Pure Distilled 
Water. For tliis experiinent, a cell with large electrodes 
which are close together, should be used. Wash out the cell 
and electrodes several times with specially distilled and 
purified water, taking care not to injure the electrodes. 
Fill the vessel with the pure water, place in a thermostat 
at 25^*, and allow it to attain the temperature of the bath. 
When this has happened measure the conductivity, m 
described above, using a resistance of 10,000-20,000 
ohms in the resistance box. It will doubtless bo found 
ill this measurement, and in all measurements of high 
resistances, that the sound minimum is somewhat indis- 
tinct. It is wise therefore to redetermine the point 
several times and take the mean of the several readings, 
which should not ditter by more than 2-3 mm The 
vessel must now be emptied and a fresh portion of water 
measured. Repeat the measurement until two successive 
j^ortioiis of the water measure tlie same. 

If now I represents the reading on the bridge wire at 
which the minimum sound is observed in the telephone, 
and R the resistance in the box, then the specific con- 
ductivity, K, is given by 

K=_J N 

10()() -/ r’ 

whei’e N is the cell constant. 
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(iii) Determine the Molecular Oonductivity of Acetic 
Acid, and Calculate its Degree of Ionisation at various 

N 

Concentrations. Make a solution of exactly jg acetic 


acid, using conductivity water for the purpose. This 
solution cannot be made up accurately enough by directly 
weighing out the acid, but must be made up approxi- 
mately and brought to the required strength by further 
dilution, after its strength has been determined by 
titration Clean and dry a conductivity vessel; the 
most suitable for this experiment is one of the type B, 
Fig 13. The electrodes must be cleaned by washing 
them several times with conductivity water. The excess 
water is removed by placing the edges of the plates 
against a piece of filter paper. The electrodes must 
then be dried, either by placing them in a steam oven 
for an hour, or by moving them rapidly to and fro in 
the hot air above a bunsen burner. 

When the apparatus is cleaned and diied, introduce 
N 

exactly 20 c.c, of acetic acid into the conductivity 


vessel, place the vessel and contents into a thermostat at 
25®, and then put the electrodes in the solution, taking 
care that no air bubbles remain attached to the surface 
of the plates. Allow the conductivity vessel and its con- 
tents to take up the temperature of the bath, and then 
measure the conductivity as described above. When 
three readings for this solution have been obtained, 
remove exactly 10 cc of the solution from the con- 
ductivity vessel by means of a 10 cc withdrawal pipette 
(Chapter II , Part I ), and add 10 c c of conductivity water 
by means of a 10 cc. delivery pipette. A quantity of 
conductivity water should be kept standing in a stoppered 
flask in the thermostat for this purpose This will 
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ensure that the volumes of the water added to, and the 
solution removed from the conductivity vessel are the 
same, and further, it will save the time which must 
otherwise have been lost waiting for the solutions to 
reach the temperature of the thermostat Mix the 
solution and water thoroughly by slowly moving the 
electrodes up and down, taking care not to touch 
the sides of the vessel or to knock the plates in any 

N 

way Measure the conductivity of this solution, 

obtaining three readings as before. Dilute the solution 
again in exactly the same way, and measure its con- 
ductivity as before. Repeat the measurements and 
dilutions until the solution is 64 times as dilute as it 

originally was, i.e, until it is Now empty the 

conductivity vessel, clean and dry it, and repeat the 
whole series of measurements, starting with a fresh 
quantity of acetic acid solution 

Calculate the specific conductivity for each dilution, 
taking the mean of the six determinations which have 
been obtained. The molecular conductivity yu is obtained 
by multiplying the specific conductivity K by the number 
of cubic centimetres v of solution which contain 1 gi*am 
molecule of the dissolved substance 

jul — Kv, 

The molecular conductivity of a substance increases 
with the dilution up to a certain maxiuium value. This 
value is known as the molecular conductivity at infinite 
dilution and is obtained when the substance is 
completely ionised The conductivity of a solution 
depends upon the concentration of the ions present; 
hence, if the molecular conductivity of a substance at 
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infinite dilution be known, it is possible to calculate 
the degree of ionisation of that substance at a given 
concentration, from the molecular conductivity at that 
concentration. 

Thus if represent the molecular conductivity of a 
substance at dilution v, ju^ the molecular conductivity at 
infinite dilution, and a the degree of ionisation, then 



The value of jti^ may often be obtained by diluting the 
solution until fuithcr dilution makes no diflference to 
the value of ju. But for weak electrolytes, like acetic 
acid, this is not possible, for the specific conductivity of 
acetic acid solution approximates to that of water before 
the acid is all ionised, consequently the determination is 
valueless In cases of this sort the value of Moo is 
obtained indirectly (see Chapter IV ). The value of 
for acetic acid may be taken as 389 at 25®. Hence the 
degree of ionisation for the solutions whose conduc- 
tivities have been determined can be calculated from 


a = 


389' 


Plot the values of a as abscissae against the dilution 
as ordinates, and draw a curve showing the influence of 
dilution on ionisation. 

Ostwald has shown that weak binary electrolytes 
obey the Law of Mass Action. Thus if an acid HA 
ionises into H* ions and A' ions as indicated in the 
equation HAJH'+A'. 

Then if a is the degree of ionisation and v the dilution 


(1 — a)^ 


— A (constant). 



CONDUCTIVITY OF ELECTROLYTES 65 


This constant is termed the ionisation or dissociation 
constant, and in the case of acids and bases it gives a 
measure of the strength of the acid or base, in the 
sense that the larger the value of K the stronger the 
acid or base 

The value of K can therefore now be calculated for 
acetic acid from the values of a wliich have already 

C£^ 

been determined. A table of the values of logm = 

is given in Table II, Appendix The value of K may 
be obtained without calculating the value of a for 

(l--a)v JULjjUL^-‘fJiu)V 

A list of acids, which may be substituted for acetic acid 
in the above experiment, is given in the table below, 
along with the values of their molecular conductivity at 
infinite dilution at 25° and their ionisation constants 
at the same temperature. 


Acid. 

at 2'f. 

lOD S' 

Acetic, . - - 

389 

18x.l0-a 

Benzoic, - 

381 

exio-s 

Succinic, - - - 

381 

0 6x10-* 

Cinnamic, 

,3785 

35x10-* 

Hippuric, - 

3725 

8 2x10-* 

Salicylic, - - - 

382 

102x10-* 


It will be noticed in the above table ttiat succinic acid, 
a dibasic acid, is included Many of the weaker dibasic 
acids ionise as monobasic acids at ordinary dilutions, 
i.e. they yield only one hydrogen ion, and consequently 
in calculating K for them, may be treated as monobasic 
acids 

S.O TT. E 
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(iv) Determine the Molecwlar Conchictivity md 
Degree of Ionisation of Hydrochloric Acid In this 
experiment a conductivity vessel of the type illustrated 
in Fig 14 must be used. Make up a semi-normal 
solution of hydrochloric acid and measure its conductivity 
by the method already described. Dilute the solution in 
the way described in the previous experiment, until 
further dilution makes no difference in the value of fi ; 
measure the conductivity at each dilution. From the 
results calculate the molecular conductivity and the 
degree of ionisation at each dilution, taking the final 
measurement as the conductivity at infinite dilution 
From the ionisation values calculate the value of the 
ionisation constant It will be found here that the 
value of K is not in any sense constant The same 
absence of a dissociation constant will be found for all 
strong electrolytes. 


Basicity of Acids 


Ostwald has shown that the equivalent conductivity 
of the sodium salts of monobasic acids increases by 


approximately 10 units when diluted from 


2L 

32 


to 


N 

1024’ 


similarly the sodium salts of dibasic acids increase 20 
units under the same circumstances, tribasic acids 30 
units, and generally the equivalent conductivity of the 
sodium salts of acids increases B x 10 units when they 

are diluted from ^ to where B is the basicity 


of the acids. This fact makes it possible, and indeed 
simple, to determine the basicity of an acid The method 
consists in exactly neutralising a known amount of pure 
caustic soda solution with a solution of the acid whose 
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basicity is to be determined, and then mahiiig up the 
solution with water so that the conceutiation shall be 

N 

exactly The conductivity of the solution is then 

N 

measured, the solution diluted to j^j^,and again measured. 

The equivalent conductivity is calculated for each dilution. 

If is the equivalent conductivity at dilution ^ and 
N 

-^1021 ® basicity of tlie acid, 


-^1024 


10 


- = B. 


To carry out such a deter- 
mination, it is absolutely 
essential that the caustic 
soda used shall be free 
from sodium carbonate, and 
consequently it must be 
specially prepared. This is 
best done in the following 
manner . A quantity of 
clean sodium, weighed 
roughly to correspond with 
the quantity of caustic soda 
required, is placed in a 
funnel of nickel gauze N 
(Fig. 17). The funnel is 
supported by a tripod T, 
which stands under a large 
glass bell-jar B. The bell- 
jar stands in a large glass 
dish D, containing water which 
with caustic soda. The bell-jar 





,A^ 




m 


Fio. IT. 


has been made alkaline 
is closed by a soda-lime 
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tube P, bent, as indicated in the diagram, to prevent any 
water which may condense upon it from dropping on the 
sodium. In this the sodium is acted on by water vapour 
and converted into caustic soda solution, in an atmo- 
sphere which is entirely free from carbon-dioxide. The 
solution of caustic soda drips, as quickly as formed, into 
a nickel dish M, placed on a tripod stand beneath it. 
When the sodium has all reacted, the caustic soda is 
quickly transferred to a stoppered bottle and sufficient 

N 

conductivity water added to make it about 


Expeeiment 

(i) Determine the Basicity of Citric Acid. Determine 
the exact strength of the caustic soda solution prepared 

N 

by the method described above, by titration with an ^ 

oxalic acid solution. Then place just so much of the 
caustic soda solution in a 100 c.c. graduated flask as will 

N 

make an ^ solution when the flask is filled up to the 

mark. Add one drop of phenol-phthalein solution, and 
then add a strong solution of citric acid, made up with 
conductivity water, to the flask from a burette, until the 
caustic soda is just neutralised, i.e. until the colour of 
the phenol-phthalein is discharged. It is better to have 
a drop too much of the acid rather than leave any of the 
alkali unneutralised Add conductivity water to make 

up to 100 c.a This then constitutes an ^ solution of 

sodium citrate. Place 20 c.c. of this solution in a vessel of 
the type A (Fig. 18), measure the conductivity and then 

N 

dilute to as indicated above, using two 10 c.c pipettes, 
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one for withdrawal of the solution and the other for the 
addition of water. Measure the conductivity of the 
dilute solution, and calculate the equivalent conductivity 
of both solutions. From the data thus obtained calculate 
the basicity of the acid. The experiment may be re- 
peated, using one of the following acids : tartaric, 
succinic, oxalic, phthalic or malic acid. 

Determination of the Belative Strengths of Acids and 
Bases The strength of an acid or a base depends upon 
its degree of ionisation, thus acids wdiich are equally 
ionised are equally strong, and consequently since all 
acids are completely ionised at infinite dilution, all acids 
must be equally strong at this dilution. Ostwald has 
shown that for weak binary electrolj^tes, the product of 
the concentrations of the two ions, divided by the con- 
centration of the undissociated part, gives a constant 
value This constant has been termed the “affinity 
constant,*' or, as we have seen above, the dissociation or 
ionisation constant. The strengths of the acids are pro- 
portional to their affinity constants, hence if the affinity 
constants of a series of acids be determined, they wull 
furnish a measure of the relative strengths of the acids 
This, of course, only for weak acids, since the strong 
acids do not obey the Ostwald Law, and consequently do 
not yield an affinity constant in this way. 


Expeiumicxts 

(i) Detemiine the Relative Utmujtks uf Acetic, Moiio- 
chloracetio, Di-chloracetic, and Tri-chlomcctic Acids 

Prepaie ^ solutions of the four acids, and determine tlie 

N N N N 

molecular conductivity at dilutions and 
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— Calculate the affinity constant from the degree of 
266 

ionisation at each dilution, and. take the mean value of 
K as the value for each acid The strengths of the acids 
will he directly proportional to the affinity constants 
Thus calling the strength of acetic acid unity, the relative 
strengths of the other acids may be calculated thus 


Relative strength = 



where K is the affinity constant of acetic acid, and 
that of the other acid. 

The values of at 25°, necessary for the calculation, 
may be taken as acetic acid =389, mono-chloracetic acid 
= 382, di-chloracetic acid =391, and tri-chloi acetic acid 
= 380. 

(ii) Determine the Lijiucnce of the Sicbditution of 
iwioiis Substituents for Hyd/roijen Qoi the Strenjjth of 
Benooic Acid. This experiment is to be carried out 
exactly in the same way as the previous one A series 
of acids must be made up with conductivity water, and 
their molecular conductivities determined at a series of 
known concentrations. From the results calculate a and 
K for each acid, and so obtain their relative strengths, 
from which the influence of the various substituting 
groups will be apparent. A series of acids suitable for 
this experiment is given in the table below, together 
with their conductivities at infinite dilution, and the 
strengths of the solutions which should be measured. 
It is not suggested that all these acids be measured, but 
a few picked out As an example, the influence of the 
hydroxyl group in the ortho, meta, and para positions 
may be examined. 
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/c£oo at 25^ 

Concentrations to be 
measured 

Benzoic, 

381 

N 

N 

64 ‘ 

1024 

o-Hydroxy-heiizoic, - 

381 

N 

64 

N 

1024 

III -Hydroxy-hen ZOIC, - 

380 

N 

32 

N 

1024 

IJ-Hydroxy-henzoic, - 

370 

N 

33 ' * 

N 

1024 

o-Toluic, - - . 

373 

N 

N 


128 

1024 

m-Toluic, - 

1 

379 

N 

N 


128 * ’ 

i024 

p-Toluic, - 

379 

Jh4 

N 



1024 

o-Nitro-benzoic, - , 

380 

-H 

N 


I2n 

1024 

m-Kitro-beiizoic, 

379 


N 


64 

1024 

p-H it ro -benzoic, 

376 

N 

N 



I2s 

1U24 

o-Chloro-benzoic 

383 

a 

N 


64 

1024 

in-Chloro-benzoic, 

380 

ii 

N 


27)6 

1024 

p-Chloro-benzoic, 

379 

N 

2048 



Use of Electro-conductivity in Volumetric Analysis 

Conductivity of a solution is due to the number and 
the velocity of the ions present in the solution (see 
Chapter IV) If the conductivity of a base, such as 
caustic soda, be considered, it will be seen to be due to 
the cation and the rapidly moving hydroxyl ions. Should 
a small quantity of an acid be added, a number of the 
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lij-droxyl ions will combine with the hydrogen ions of the 
acid to form unionised water molecules, and a quantity 
of anions of the acid, which have a much smaller velocity 
than the hydroxyl ions, will take the place of the 
Iiydroxyl ions. The conductivity of the solution will 
therefore decrease, and if successive quantities of acid 
bo added the conductivity will continue to decrease until 
all the alkali has been neutralised ; a further addition of 
acid will now cause the conductivity to increase again, 
due to the introduction of a quantity of rapidly moving 
hydrogen ions. Hence, if the conductivity of a solution 
of a base be plotted after each addition of acid against 
the quantities of acid added, a curve will be obtained 
which will change its direction suddenly, i.e. it will have 
a distinct minimum. The minimum represents the point 
at which the alkali is exactly neutralised, and conse- 
quently serves as an indicator of the end of the titration. 
In this method of titration either the acid or alkali may 
be placed m the conductivity vessel if they are both 
strong, but if the acid is weak then the alkali should be 
placed in the conductivity vessel and the acid added to it. 

Experiment 

Determine the Strength of a given, Solution of Caustic 
Soda by means of Hydrochloric Acid Place 10 c.c of 
pure caustic soda solution in a conductivity of type A 
(Fig. 13), insert a resistance in the resistance box so that 
the point of minimum sound is in the middle of the 

bridge wnre. Now run in an ^ solution of hydrochloric 

acid from a burette, adding 1 c.c. at a time ; after each 
addition thoroughly mix the solution, and redetermine 
the point of balance on the bridge. It will be found at 
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first that the sliding contact will have to be moved con- 
tinuously toward the zero end of the bridge wire. After 
several additions have been made, the point of balance 
will move back toward the centre of the bridge. Make 
several determinations after the turning point has been 
reached, and plot the bridge readings as ordinates against 
the number of cubic centimetres of acid added as abscissae. 
Draw curves through the points obtained before and 
after the turning point. The intersection of these curves 

N 

Will give the quantity of hydrochloric acid required 

to neutralise the caustic soda in the conductivity vessel. 
This method of titration is particularly useful in deter- 
mining the amount of acid in highly coloured liquids, 
such as vinegars and wines 

Determination of the Solubility of Sparingly soluble Salts. 
The solubility of many substances, such as silver chloride, 
barium sulphate, etc, cannot be easily determined by 
the ordinary analytical methods It may, however, be 
determined from the conductivity of saturated solutions 
of these substances in the following way. The con- 
ductivity of a saturated solution of a sparingly soluble 
salt is measured in the usual manner. Let R be the 

resistance of the solution Then ~ is the specific con- 

R 

ductivity if N is the cell constant. If now v is the 
number of cubic centimetres of the solution which would 
contain 1 gi‘am molecule of the dissolved substance 

N 

ie the prorhict of the specihe conductivity and the 
dilution gives the molecular conductivity at the dilution 
V Tlio solution, however, is so very dilute that the 
dilution v is identical with infinite dilution, Le. the 
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dissolved substance may be regarded as completely 
dissociated. 

Hence yWoo = 

The values of N and R are known, and the value of 
is the sum of the ionic conductivities of the ions of the 
salt (see Chapter IV ), hence /i*, is known Hence v the 
volume of water in cubic centimetres which contains one 
gram molecule of the dissolved substance, i,e. the 
solul)ility, is known 

In many cases sparingly soluble salts of weak acids 
and bases are hydrolysed in solution, so that in these 
cases hydrolysis must be taken into account in calcula- 
ting the solubility. Thus if a carbonate of one of the 
alkaline eai'th metals is under consideration, this sub- 
stance will hydrolyse in solution, giving the hydroxide, 
which is much more soluble than the carbonate, and 
unionised carbonic acid This may be prevented by 
driving the hydrolysis back by the addition of hydroxyl 
ions in the form of dilute caustic soda. So that the 
solubility is determined in a dilute solution of caustic 
soda, and not in pure water, and calculated from the 
increase in the conductivity of a dilute solution of 
caustic soda due to the solution of the alkaline carbonate 
in it. 

Experiment 

Determine the Sohohility of Bmiiim Sul]}hate in 
Water at This determination must be carried out 
in a conductivity vessel provided with fairly large 
electrodes which are not far apart. Determine, first of 
all, the specific conductivity of the water to be used in 
the expel iment. Then grind up a quantity of barium 
sulphate to a very fine powder in an agate mortar 
Place the powder in a 125 cc. glass flask, which has been 
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steamed out, and add a quantity of conductivity water, 
shake well and allow the solid to settle. Pour the 
liquid aw^ay, and repeat the operation 3 or 4 times to 
dissolve out any soluble impurities. Then make up the 
solution for measurement by adding conductivity water 
to the washed powder, shaking and allowing the heavier 
particles to settle. The whole process must be carried 
out at 25°. Pour a quantity of the still turbid liquid 
into the conductivity vessel and measure the con- 
ductivity. Repeat the measurement until two fresh 
portions of the solution give the same value. The 
solubility may now be calculated as follows. 

If K(j represents the specitic conductivity of the water 
used in the experiment, and that of the solution, then 
(Ki— Ko) = K, the specitic conductivity of the solution 
corrected for the conductivity of the water The specific 
conductivity multiplied by v will give the eiiuivalent 
conductivity, where v is the number of cubic centimetres 
of solution, containing 1 gram equivalent of barium 
sulphate Ap=Ki’. 

In such a dilute solution only a very small error will 
be introduced by assuming that 

The value of A«, at 25’' for barium sulx)hate is 155-3. 


Hence 


v = 


155-3 

, 

K 


i e V C.C. contain 1 gram equivalent t')f barium sulphate 

Hence 1 litre of solution contains — - gram molecules of 
116**) ^ 

barium sulphate or — x 1000 giums. 

Fuither expeiiment may be made with the following 
substances: Silver chloride (/i“=140 2), barium oxalate 
(/*S=140 0), silver iodide (/*?=! 40 4) and lead sulphate 
0*S=151-6). 



CHAPTER IV 


TBANSPOET NUMBERS AND VELOCITY OF IONS 

When an electric current lias teen passed tlirough an 
electrolyte for a time, it is generally found that the 
concentration of the dissolved substance differs from 
the original concentration, and further that the con- 
centration at the two electrodes is not the same. Further, 
if a current be passed through a cell divided by two 
porous walls c and d, as in Fig. 18 , it is often found 



Fig. 18 . 

that, while the concentration in the middle compart- 
ment remains the same as it originally was, both of 
the electrode sections become less concentrated than 
they were originally, but not to the same extent. It 
is known that a current is carried across a solution by 
means of the ions, the positive ions or cations moving 
toward the negative electrode or cathode and the 
negative ions or anions toward the positive electrode 
or anode. It is also known that the number of anions 
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and cations discharged at tlxe electrodes is identical. 
Hence an explanation of the changes in the concentra- 
tion at the electrodes has been found in the hypothesis 
tliat the ions move across the solution at different rates, 
t e, they have different velocities. From this it follows 
that in the passage of a cun*ent across an electrolyte, 
a number of cations will leave the anode portion of 
the coll and be diseliarged at the cathode in the same 
time that an entirely different number of anions leave 
the cathode portion of tlie cell and are discharged at the 
anode These numbers, however, do not represent the 
whole of the ions discharged at the electrodes, for 
the cations travelling from the anode half of the cell 
leave behind them an equal number of anions, wliicli 
are also discharged at the anode, and in the same 
way the anions, moving away from the cathode portion 
of the cell, leave behind them an equal number of 
cations which are discharged at the cathode, thus making 
the total number of anions discharged at the anode 
equal to the total number of cations discharged at the 
cathode. Since the ions travel or migrate at different 
velocities it follows that the quantity of electricity 
carried by the anions in one direction differs from the 
quantity carried by the cations in the other direction. 
The two quantities are indeed in the ratio of the 
respective velocities Hence, if u be the migration 
velocity of the cation, and v that of the anion, it+r 

is proportional to the total current carried, and 

represents the fraction of the total current carried by 

V 

the cation, and — ; — the fraction carried by the anion. 

Hittorf has termed these fractions the Transport 
ITumhers ne and oia, where is that of the cation and 
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Ua that of the anion. Hence 




u 


and — '??e= 


V 

u + v 


If one gram equivalent of a salt is dissolved in water 
and ionised to an amount a, then it follows that there 
are present in the solution a equivalents of both anion 
and cation. If a current is passed through such a 
solution under unit fall of potential the current density 
may be expressed by 

9Q64i0a(u+v), 

where u and v are the migration velocities of the 
cation and anion respectively, and 96540 represents the 
charge in coulombs on a gram equivalent of ions This 
expression is the equivalent conductivity, hence 

A=96540a(u+'y)» 

Since the total conductivity is made up of the con- 
ductivities of the two ions, it follows, if and 1^ 
represent the ionic conductivities or mobilities of the 
anion and cation respectively, that 

and Za= 96540av , Zc= 96640at6. 

Hence le = A-^=^AnQ, 

u+v u+v 

so that if the transport numbers are known the ionic 
conductivities follow at once from the equivalent con- 
ductivity. The calculation may be taken a step further, 
if la and Ic have been determined, we have the expres- 
sions I I 

“^“96540 ‘*“"^96540’ 

Le, the actual velocities of the anion and cation in cms. 
per second can be calculated if a the degi*ee of dissocia- 
tion is known. This may be regarded in another way, 
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if instead of a representing the degree of ionisation in 
the ordinary sense of the fraction of the molecules 
which are split up, it represents, what is really the 
same thing, the fraction of time during which the ions 
are dissociated, ie the period during which they are 
free Then av and an repiesent the average velocities 
of the ions for the whole time, whether they are free or 
combined. Should the solution under consideration be 
completely dissociated, -ic be at infinite dilution, then 
a = l, and the velocities of the ions in cms. per second 
are given by 

96540' 

The values Ja and for an anion or cation are always 
the same, no matter what the cation or anion is with 
which they are respectively combined. Hence it follows 
that the equivalent conductivity of an electrolyte at any 
given dilution may be calculated from the values of Z® 
and le of the two ions, furnished by the substance in 
question. In the case of weak organic acids, it ivS experi- 
mentally impossible to dctennino directly the equivalent 
conductivity at infinite dilution; this quantity may, 
however, always be calculated from the ionic con- 
ductivities. 

Thus, let A* represent the equivalent conductivity at 
infinite dilution of the weak acid HA This is made up 
of the ionic conductivities of H and A' ions, and if these 
are known, the equivalent conductivity at infinite 
dilution is obtained by adding the two values together, 

■ K = la (for A')+k (for H-). 

If the value la for A' ions is unknown, it may be obtained 
in the following way. The equivalent conductivities of 
the sodium salt of the weak acid, the sodium salt of a 
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strong acid, e.g. NaCl, and the strong acid itself, aie 
measured at infinite dilution, which, since these sub- 
stances are all very mucli ionised, is a simple operation 
Let now A',, Al and A'" represent the equivalent con- 
ductivities of these substances respectively, then, 

A'^ = la (for A') -1- Ic (for Na-), 

A': = l»(forCl')+?.(for]Sra-), 

(for Cl')+^« (for H-). 

Ombining these three expressions, the following equa- 
tion is obtained . 

A'"-A" -1-A!„ = i:» (for H-)-l-?a (for A^, 
i.e. — A'!e, -b = A^ for HA ; 

and since Ig (for H ) is known, la for A' ion follows. 

1. Determination of Transport Numbers 

The transport number of an ion may be determined 
by allowing an accurately measured quantity of electri- 
city to pass through a solution of known concentration, 
and measuring the change in concentration which has 
occurred at one of the electrodes. The method presup- 
poses that the change in concentration has all occurred 
at the electrodes, and that none of it is duo to diffusion. 
Hence it is usual to allow the current to pass for a short 
time only, and to keep the apparatus cool. 

Expeeiments 

(i) Determine the Transport Numbers of the Silver 
Ion and the Nitrate Ion This experiment is carried out 
in a piece of apparatus designed as shown in Fig. 19. It 
consists of two tubes, A and B, of about 1’5 cms diameter, 
connected by a short tube, H, of the same diameter 
The tube A is about 18 cms. long, and is fitted at the 
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bottom with a stopcock T, the tube B is about 12 cms 
long. Two electrodes, C and D, are fitted into these 
tubes by means of corks. The electrode C consists of a 
stout silver wire, cemented into a glass tube so tliat only 
the projecting end e, which is wound into a spiral, comes 
in contact with the liquid. The electrode D consists of 
a copper wire, similarly protected from the liquid at all 
but its lower end. To carry out the experiment, make 
up a solution of silver nitrate, 

approximately and determine, 

its concentration by weighing out 
about 20 grams of the solution and 
titrating with a standaid solution 
of ammonium thiocyanate, using a 
satuiated solution of ferric alum as 
indicator. Then prepare a small 
quantity, about 50 cc., of a satu- 
rated solution of copper nitrate, 
and acidify it slightly with nitric 
acid Place about 8 c.c of the 
copper nitrate solution in the tube ^ 

B, so that it fills the tube to a depth 
of about 5 cms Then cautiously 
add the silver nitrate solution to 
both tubes, taking care that the 
silver and copper solutions do not mix This is best 
done by filling a dry pipette with the silver nitrate 
solution, placing the point of the pipette against the 
wall of the tube B just above the surface of the 
copper nitrate, and allowing the solution to fiow slowly 
from the iiipette into the tube, raising the pipette 
continuously, as the level of the liquid rises, until 
the tube is full. Then till the tube A and the cr<ss 
a.o 11 . F 
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tube H with silver iiitiate solution, weigh the silver 
electrode, and insert tlie electrodes as indicated in the 
diagram Connect the electrodes, tliiough a milliam- 
ineter, an adjustaUe resistance, a switch and a voltameter, 
with a battery of 25-30 accumulator cells. The current 
strength used in the experiment should be about 10 
milliamperes, this is obtained by means of the adjust- 
able resistance, the ammeter being used to indicate when 
the right current has been obtained. Should a battery 
of 25-30 cells be unobtainable, the lighting circuit may 
be used in place of it by having a correspondingly largo 
adjustable resistance in the ciicuit. The voltameter is 



Pio 20 


inserted in tlie circuit to measure the total quantity of 
electricity passed through the circuit. Tlie most suitable 
voltameter for this purpose consists of two stout copper 
plates, a, b (Fig 20), 5 cms. wide and 2*5 cms. deep, 
which are immersed in a dish containing a solution of 
copper sulphate. The plate constituting the cathode is 
cleaned by immersing in dilute nitric acid, washed with 
distilled water and alcohol, and dried by passing it 
through the hot aii above a bunsen flame. It is weighed 
before the experiment, and again after the experiment, 
the difference in weight giving the amount of copper 
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deposited, from whicli the fj[uautity of current can be 
calculated. 

The solution to be used in the voltameter should be 
made up by dissolving 15 grams of crystallised copper 
sulphate in 100 c c of water, and adding to it 5 c c. of con- 
centiated sulphuiic acid and 5 c.c of absolute alcohol. A 
slow current of carbon-dioxide should be bubbled through 
the solution in the voltameter during the experiment. 

When all is fitted up, and the weighings of the silver 
anode of the experimental vessel and the cathode of the 
voltameter have been made, switch on the current, and 
allow it to flow for 1^-3 hours. A more prolonged 
passage of the current will probably cause a change in 
the concentration of the middle portion of the lu[uid, 
which, as has already been shown, must not take place. 
Stop the current, and run otf the solution from A into 
two weighed flasks, about § being run into the first 
flask and ] into the second. The latter quantity will 
constitute the middle poi'tion of the liquid, and the 
success of the experiment depends upon its concentra- 
tion being the original concentration of the solution 
before tlie experiment was begun. Remove the anode, 
wash it with \vater and alcohol, dry by passing it 
through the hot air above a bunsen flame, and weigh 
it Treat the catliodo of the voltameter similarly. Then 
weigh the two quantities of solution wliich have been 
run from A, and titiMte them with a standard solution of 
ammonium thiocyanate. The transport numbers can 
now be calculated as follows : 

Suppose a grams of the original solution contain b 
giams of silver nitrate, 

^e (a—h) gi*ams of water contain b grams of silver 
nitrate, or ^ equivalents of silver. 
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After the experiment, lei c grams of the solution con- 
tain d grams of silver nitrate, i,e (c—d) grams of water 

contain d grams of silver nitrate, or equivalents 
of silver.. 

If the solution had remained unchanged (c--d) gi'anis 
of water would have contained 


TYd silver. 


Hence the solution has changed by an amount 
d b (c — d) . , , 

170-170 

This will be found experimentally to be an increase 
If the experiment has been carried out successfullj”, this 
amount should represent the total change at the anode 
If the voltameter cathode has increased by w grams, 
w 

then represents the number of equivalents of copper 


whicli have been deposited , this is proportional to the 
total current used in the experiment, and is equal to the 
number of equivalents of silver dissolved from the anode, 
as may be confirmed from tlie weighings of the anode 
before and after the experiment Had no silver wan- 
dered from the anode, the solution round the anode 


should contain equivalents more than it originally 

did , experimentally it is found to contain 

d b (o—d\ 

170 170 Va- 6; 


more than it originally did, we can call this quantity j/. 
Hence equivalents of silver must have wandered 

from the anode compartment. 
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This means that of the total cuiTent carried through 
the solution, represented hy etiiiivalents, (3^ ”"2/) 


was carried by the cations Since the transport number 
of the cation is the fraction of the total current carried 
by the cations, 


and Va=l—nic. 


^6 = 


w 

w * 
315 


(ii) Determine the Transport Numbers of Fotassium 
and Glilm^me Ions. In this experiment it is impossible 
to use an electrode of the same material as the cation 
The difficulty is surmounted by using an anode of amal- 
gamated cadmium. Fit up the appaiatus as described in 
the last experiment, substituting a rod of cadmium, whose 
surface has been amalgamated by first cleaning with 
dilute nitric acid, and then dipping into mercurous 
nitrate solution, for the silver anode. Wash and dry 
the cadmium electrode, which need not be weighed. Fiil 
the apparatus as described in the last experiment, sub- 
. N 

stituting an g- solution of potassium chloride for the 

silver nitrate solution Fit up the copper voltameter 
and make all the connections as described above Allow 
a current of about 10 milliamperes to flow for about two 
hours. Then analyse the liquid in the anode compart- 
ment by titration with ~ silver nitrate solution, and 

calculate the number of equivalents of chloiine contained 
in the solution. If w be the number of equivalents of 
copper deposited in the voltameter, a the initial number 
of equivalents of chlorine contained in the potassium 
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cliloride solution, and h the number after the experiment, 
then b is made up of a and a quantity c which has 
wandered into the anode compaitment, 

ie, c=b—a. 

There has been no loss of chlorine from this part of 
the cell, for the chlorine ions discharged at the anode 
have combined with tlie cadmium and come back into 
the solution Hence the fraction of the total current 
carried by the chlorine ions is given by 

6 — a 


where is the transport number of the chlorine ion, 
and nic=il—oia is the transport number of the cation 
Calculate the absolute velocities and ionic conductivities 
of the chlorine and potassium ions, being given at 25® 
for potassium chloride = 130 2 and />tN = 102 3 at 25® 

*2 

For method of calculation see introduction to this 
chapter. 

2. Direct Determination of the Absolute Velocity of 

Ions 

Methods for the direct determination of the velocities 
of ions have been devised by Lodge (B A. reports, 1886, 
p. 389), Whetham (PhiL Trans, A, clxxxiv, 337, 1893, 
clxxxvi., 507, 1897, Phil Mag, Oct 1904), Orme Masson 
(Ph%L Trans A, cxcii., 311, 1899), and Steele {Phil 
Trans, A, cxcviii, 105). 

(i) Lodge's Method, The method due to Lodge consists 
in measuring the rate at which the colour of a faintly 
alkaline phenol-phthalein solution is discharged by 
hydrogen ions travelling under a measured electromotive 
force 
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TJie cleteiminatioii is carried out iu tlie following 
ludiiner : a horizontal tube A, Fig 21, about 40 cms. long 
and 1 cm. internal diameter, fitted at each end with a 
wider, short, right-angled piece of glass tube, B, B, 
as indicated in the diagram, is filled with a solution 
of potassium chloride in a 10 per cent agar-agar jelly, 
which is rendered faintly alkaline by the addition 
of a few drops of 10 per cent, caustic soda solution, 
and coloured by one or two drops of phenol-phthalein 



Flo ui 

solution. The jelly solution is poured into the straiglit 
tube while still warm and allowed to solidify. Then 
the vertical tubes, at the ends, are filled witli dilute 
sulphuric acid and a current passed by means of two 
platinum electrodes, a, 6, pUced in the acid As the 
hydrogen ion proceeds along the tul) 0 , in its migration 
toward the cathode, it discharges the colour ot the jedly ; 
the rate at which this happens gi\es the velocity of tlie 
hydrogen ions under the potential fall between the 
electrodes 

Ekpeiilment 

Determine the AljHulujie Velvcitij of the IljjJrftytn 
Ions. Fit a glass tube A of uniform bore, about ilO eins, 
long and 1 5 cms. diameter, with small light-anglecl glass 
cups B, as indicated in Fig. 21 Place corks in the cups 
to carry the platinum electrodcvS a and and l)ore small 
holes in the coiks to allow the escape of any gas which 
may be generated during the experiment Fill tlio 
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liomoiital^tulDe with a jelly solution of potasKinni 
chloride iiuido up in the following manner. Weigh 
out roughly 16-17 grams of dry agar-agar, and place 
it in a 6 jper cent solution of acetic acid until it has 
completely swelled out, this usually requiies about an 
hour Then pour off the solution and wash until all 
the acetic acid has been removed This is best done 
by shaking up with two or three quantities of water, 
and then allowing to stand with two separate quantities 
of water for half an hour Squeeze out all water 
possible and add 260 c.c. of a solution of potassium 
chloride, containing 28 grams per litre Place in a 

V 



water bath and warm until an homogeneous solution has 
been obtained, then add 2-3 drops of phenol-phthalem 
solution, and add a solution of caustic potash drop by 
drop until the solution shows a full red colour. Fill 
the tube A with the jelly while it is still liquid and 
allow to cool when the jelly will set. Place the end 

pieces B in position, and fill them with ^ sulphuric acid. 

Then place the electrodes in position so that the plates 
are as near the ends of A as possible. Connect the 
electrodes through an adjustable resistance R (Fig 22) 
with a battery B of 30-40 cells. Place a voltmeter V 
across the electrodes and adjust the resistance so that the 
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voltmeter reads just as many volts as the distance 
between tlie electiodes in centimetres. Tins will give a 
fall of potential along the tube of 1 volt per cm. Now 
mark the red boundary at the anode end of the tube 
and allow the current to flow for 60 minutes. Measure 
the displacement of the red boundary, this will give 
directly the velocity of the hydrogen ion in centimetres 
per hour. Calculate to centimetres per second. If the 
jelly tends to melt during the experiment, due to the 
heating effect of the curient, the tube should be im- 
mersed m cold water. 

2 WhetluviCs Method The remaining methods, al- 
though much more accurate than the foregoing method, 
are not suitable for use in the hands 
of any but expert experimenters. 

They may, however, be described 
here, and sufficient detail will be 
given to allow of advanced students 
carrying out the determination should 
they so desire. 

Whetham superposed two solutions, 
a and 6, Fig 23, liaviiig a common 
ion, in a vertical tube CD. The two 
solutions were of the same e(|uivalent 
concentration, and of almost tlie same 
specific resistance, but of different 
densities, and one solution was 
coloured Thus, for example, the 
two substances, potassium carbonate 
and potassium bicliromate, were taken 
and a current passed; the anions 
wandered toward the positive electrode, and the coloured 
boundary slowly progressed in the same duectiun? 
the rate of moveiiieiit of the coloured boundary gave 
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the late of movement of the bicliroiiiate ions under 
the potential gradient of the experiment. The success 
of experiments of this type depends on the mainten- 
ance of a sharp boundary between the two solutions 
W'hethain has shown that a sharp boundary may always 
be preserved if the current flows in such a direction that 
of the two diff'erent ions the relatively slower ion follows 
the relatively faster ion, i e in the example just con- 
sidered the slower carbonate ion follows the somewhat 
faster bichromate ion. The reason for this will be clear 
from the following consideration Suppose there arc 
superposed m a tube two solutions of salts of the same 
anion, but of difterent cations, one solution having a high 
conductivity and the other a low conductivity. Then on 
passing a current there will be a relatively low potential 
gradient in the solution of high conductivity, and in the 
solution of low conductivity there will be a relatively 
high potential gradient. 

Assume now that the current is passing from the 
solution of low conductivity to that of high conductivity, 
then a cation which chances to get ahead of the boundary 
line of the two solutions will And itself in a region of 
low potential gradient, and its velocity will be decreased 
so that it will drop back to the boundary On the other 
hand, a fast moving cation, which finds itself behind the 
boundary, will be in a region of higher potential gradient 
and will consequently move still faster and be pushed 
forward to the boundary, so that the boundary line will 
be kept sharp. 

Suppose, now, that the current flows in the opposite 
direction, 'i.e. from the liquid of high conductivity to 
that of low conductivity, then a slow moving cation, 
remaining behind the boundary, will be in a region of 
low potential gradient, and be still further retarded. 
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'whilst ix quick inoving cation, tiiidiiio itself ulitwd of the 
homidaiy, will liave passed into a re'»iou of hij^h poten- 
tial gi*adient, and thus be hastened forward, the lesult 
being a bhuTing of the boundary line 

From the foregoing it follows that when a current 
passes from a solution of high conducti\ ity to one of low 
conductivity, the potential gradient adjusts itself so that 
the actual velocity of the speciMcally slower ion under 
the high potential gradient is the sanie as that of the 
specifically faster ion under the lower potential gradient. 
Hence the rate of motion of the coloured boundary gi\ es 
the velocity of both ions, but under ditierent potentud 
gradients 

3. Ur me Mtu^son's Method, Orme Masson, making use 
of the foregoing facts, has devised a more accurate 
method of determining the velocities of ions In outline 
the method is as follows. A tube, AB (Fig. 24), about 



40 ems long, was filled with a golaiine solution of the 
salt, the velocities of whose ions were to be measured. 
This tube was then inserted into the side tubes, d, of 
two flasks, C, D. A gelatine solution of a salt having a 
coloured cation was placed in the flask C, and a gelatine 
solution of a salt having a coloured anion was placed in 
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tlie flask D. The coloured ions must be so chosen that 
they are specilically slower than the corresponding ions 
of the solution in AB Thus, in an expeiimeiit, potas- 
sium chloride was placed in AB, copper sulphate in c, 
and potassium bichromate in D Two platinum electrodes, 
e, f, were then placed in the flasks and a current passed 
The rates at which the coloured boundaries advanced up 
the tube were measured, and these gave directly the 
velocities of the potassium and chlorine ions under the 
potential gradient existent in AB. 

4*. Steele' 8 Method, Steele lias improved the method of 
Orme Masson, by showing that the boundary between 



two solutions can be followed without the use of coloured 
ions, and, further, by making the measurements in 
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aqueous solution, thus removing the objections marie to 
the use of jolly solutions. The apparatus used by Steele 
is given in Fig 25, and consists of two tubes, A, B, of the 
same diameter (about 1 cm.) connected together by a 
cross tube of slightly larger diameter than A and B 
A side tube E is fitted to the tube B. The upper and 
lower ends of A and B are gi*ound to fit the tubes, C, C' 
and D, d', respectively. The method consists in half filling 
the bulbs, C, C', with a gelatine solution of substances 
which shall serve as indicator's, Le, which will produce 
a boundary line with the solution to be measured. The 
rubber stoppers, F, F, are then placed in the ends of the 
tubes, and the solution, whose ions are to be measured, 
is run in through E When the tubes are full the 
bulbs, C, C', are placed finnly in position; the tube E is 
then filled with the solution to such a lieight that the 
pressure is atmospheric. A quantity of an aqueous 
solution of the salts in C and C' is then placed above the 
jellies, and two electrodes, a, i, are inserted, which are 
made of such metal that no gas will be evolved when 
the current is passed. The current is then passed until 
the boundary line is visible in the a<iuoous solution. 
The position of the boundary line is quite visible because 
of the difference in the coefficient of refraction of the 
two liquids. The positions of the boundary lines are 
then noted, and the rate at which they move gives the 
\elocifcy of the ions of the solution under the potential 
giadient existing in the solution. It will be seen that 
the jelly solutions have nothing to do with the measure- 
ment, and serve simply to get a definite boundary at the 
commencement of the experiment, and to prevent a dis- 
placement of the solution. The indicator licfuids must 
have ions which move specifically slower than the ions 
of the solution which they are following up Thus in 
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an experiment Steele measured the velocity of the ions 
of potassium chloride, and used as indicators lithium 
chloride for the cation, and sodium acetate for the amon, 
the lithium and acetate ions being respectively slower 
than the potassium and chlorine ions When the aqueous 
solutions of the indicators are specifically heavier than 
the solution to be measured, the jellies and the elec- 
trodes are placed in the tubes, D, D', which are then 
attached to the apparatus inst(iad of the bulbs, C, O'. 



CHAPTER V 


DIELEOTETC CONSTANTS 

Evert substance behaves in Wo different ways toward 
an electric stress, which are respectively defined by Wo 
constants, (i) tlio electric conductivity and (li) the di- 
electric constant. The former, as has already been seen 
is a measure of the capacity of a sulistanco to conduct 
electricity, whilst the latter may be defined as the power 
of a substance to transmit an clcctiostatic force across a 
.space The relationships oxi.«tiiin between the dielectric 
constants of liiiuids and their power of dis.sociatiiiy 
substances dissolved in them on the one hand, and the 
connection between the dielcptiic constant, power of 
absorption of electric waves, and chemical constitution 
on the other', justifv a short description of the methods 
in nsc for the determination of the dielcctiic constant. 
J. J Thomson and Nenist have shown that, generally, 
those liquids which possess a high dielectric constant fur- 
nish solutions which are good conductor’s of electricltv, i c. 
exercise considerable ionising povor, whilst those of low 
dielectric constant furnish solnlions which do not con- 
duct electricity, i e do not ionise. This is, h'wvever, not 
an absolute rule, and, fur'ther, ditferent solve its do not 
act in the same W'ay with all electrolytes. Thus, for 
example, acetone (dielectiic constant 201') dissociates 
potaasiirin clilonde to a moderate extent, but it hardly 
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dissociates hydrochloric acid at all, whereas both sub- 
stances are about equally dissociated by water. 

Any nietliod of determining the dielectric constant 
suitable for chemical purposes must be capable of dealing 
with su])stances which are not perfect insulators, ^,e. 
with sulistances which conduct electricity to some extent. 
Further, the inetliod must be capable of dealing with 
ndatively small quantities of substances. The methods 
due to Nernst and Drude fulfil these conditions, and are 
therefore the most suitable foi physico-chemical purposes. 

Method of Nermst, The capacity of two condensers 
may be compared by using a Wheatstone bridge, with 
telephone and induction coil by the method of Palaz, 
T\ hich is as follows. Two condensers, C and C" (Fig. 26), 

C' 


h 


Pin 2o 

arc connected with tlie ends of a Wheatstone bridge, a, 6, 
as indicated in, the diagram. A telephone T, and an in- 
duction coil I, are connected in the usual manner. To 
make a measurement the slide contact s is moved until the 
sound minimum is obtained. When this is the case 
w' -wrCiC', 

where w' and w are tlie resistances of the two portions 
of the bridge, and C and C' the capacities of the twq 
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condensers. If tlie capacity of one of the condensers is 
known then that of the other may be calculated 

If one of the condensers is made of a substance which 
is not a perfect insulator, it will be found impossible to 
obtain a sharp minimum, or indeed any minimum usable 
in the calculation of the capacity of the condenser made 
of the imperfect insulator. This difficulty may be sur- 
mounted by giving the second condenser a known 
conductivity of the same order as the conductivity of 
the imperfect insulator, by means of a paiallel conduct- 
ing circuit, as illustrated in Fig. 27, in which eveiything 



is the same as in the apptaratus for the comparison of 
two perfect insulators, except tlie parallel circuit Lr''\ A 
point can now be obtained at which the telephone will 
give a good minimum, and from this not only the capa- 
city of the cell, but also its conductivity, can be obtained 
Foi if is the resistance of the condenser C, i the one 
which is not a perfect insulator, ao'" the resistance of the 
parallel circuit to the condenser C', iv and lu the resist- 
ances of the arms of the bridge, then 

w " : w'" 

and w : : C' : C, 

G 


S.O. II. 
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provided always that the resistances w, w' and w'" have 
a negligible capacity. It is obviously possible to obtain 
silence or a minimum sound in the telephone by chang- 
ing the resistance v/"' and the capacity C', if the telephone 
leads are fixed instead of being connected to a sliding 
contact 

The foregoing is the principle of the Nernst method 
for determining the dielectric constant. The apparatus 
consists of two vertical glass cylinders, a, a (Fig. 28) ; 

these are fitted with 
platinum electrodes, b, 
h, furnished with bind- 
ing screws. Into the 
base of each cylinder 
a platinum wire, c, is 
fused; these are con- 
nected together, and to 
one pole of the second- 
ary coil of an induction 
coil I of the type shown 
in Fig. 12. The cylin- 
ders are filled with a 
solution containing 282 
grams of mannite and 
124 grams of boric acid 
in 1 litre of water, and constitute liquid resistances. 
This solution has a specific conductivity of 0*9x10“^ 
reciprocal ohms, and is not influenced to any great 
extent by changes of temperature. These resistances 
remain constant, and must not be changed during an 
experiment. The platinum electrodes, 6, 6, are con- 
nected to two terminals, o, o, which are mounted on 
glass pillars These terminals arc connected to the 
measuring condensers, m, m', made of two stout brass 
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plates, 8 cms high and 30 cms. long, and a uniform 
glass plate, c. The glass plate may be drawn out 
about 20 cms. along a graduated scale to change the 
capacity, and so after calibration of the condenser at 
various positions of the glass plate, the capacity can be 
directly read off from the scale. The binding screws, o, o, 
are further connected with resistances r?, cV, for compensa- 
ting the conductivity of the substance under observation. 



Pio. 29. 


These resistances are connected at the bottom with the 
other plate of the opposite measuring condenser, Le, 
d! with m, and m' with d The compensating resistances 
consist of a U-tube (Fig. 29), one limb of which is a 
carefully graduated and calibrated capillary tube, 12 cms. 
long and 1 mm. diameter. This is fitted with a platinum 
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wire, ]), wMcli can be raised or lowered by a definite 
amount by means of the micrometer screw, 6*. The other 
limb is 5 mm. diameter, and similarly fitte*d^ with a 
movable electrode, e, A third electrode, t, is fused into 
the bottom of the U-tube The tube is filled with dis- 
tilled water, and when a large resistance is required the 
capillary tube is used, whilst for smaller resistances, la 
better conductivity, the wider tube is used. The vessel 
is a small condenser in which the measurement is made ; 
it consists of a nickel trough, A (Fig. SO), 3 G cms 
diameter and 2 7 cms deep. It is 
fi.tted with an ebonite cover, B, 
through which a metal tube, C, 
3 passes , this is attached to a nickel 
plate, D, kept at a definite distance 
from the bottom of the nickel 
vessel by a small glass bead, E 
A This vessel does not require more 
than 2 c.c. of liquid for a mea- 
surement. The telephone, T, is 
attached to the two terminals, o, o, 
and the metal trough v to the 
free end of the induction coil 
The plate of the measuring vessel may be attached to 
either e or e\ and in an actual measurement is connected 
alternatively with both. 

Before making a measurement the condensers m and 
m' must be calibrated. This is best done by placing in 
the empty vessel v a plate of glass so that its capacity is 
made to correspond when added to that of m' to the 
withdrawal of the plate c' by 1 cm. The plate c is then 
placed at zero, and the other condenser plate c with- 
drawn until the sound minimum is observed in the 
telephone. Then the measuring vessel v is connected to 


C 


B 



E 

Fig. 30. 
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e! and d withdrawn until the minimum is again obtained, 
the position is accurately measured on the scale by 
means of* a vernier attached to c\ The measuring vessel 
is now disconnected and d placed at division 1 and c 
aoain brought to the minimum position , v is then added 
to and d again moved to the minimum position, 
which is carefully read. The re^t of the scale is treated 
in exactly the same way. If the condenser plate were 
uniform, each addition of the measuring vessel y would 
demand the same movement of d and consequently the 
same addition to the scale reading (approximately 1 cm.). 
The corrections for the scale readings follow directlj’ 
from the observed readings. The calibration of the 
other condenser plate c is cairied out by direct compari- 
son with d. The determination may now be canned out. 
The two resistances a and a* must be made equal. This 
is done by starting the coil and moving the electrode in 
one or other until the sound minimum is obtained. 
Tlxo resistances should be controlled by interchanging 
them, when the sound minimum should persist. The 
empty measuring vessel is then connected alternately 
with m and and the plate d moved each time until 
the sound minimum is obtained. About 2-3 c.c. of a 
liquid of known dielectric constant is added to the 
vessel V, and the measurement made again in the same 
way. The vessel is then emptied, cleaned and dried, 
and the same quantity of the liquid to be measured is 
placed in it and the determinations repeated. Should 
the substance conduct slightly the regulating resist- 
ances d and dl must be changed, so that the sound 
minimum, which will be indistinct, becomes sharp. If 
Dq is the dielectric constant of the known li(|uid, D that 
of the substance to be measured, the number of scale 
divisions the condenser plate has to be moved when the 
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empty vessel is connected, the number for the sub- 
stance of known dielectric constant, and S for the 
unknown substance, then 

Meta-xylene, which has a dielectric constant 2‘345 at 
25°, is the best substance to use for comparison. 

The second method, due to Drnde, may be used for 
substances winch, in its inventor’s own wmrds, conduct as 
well as river water. The method depends on the use of 
Tessla oscillations, and as apparatus for producing these 
is not generally available in a chemical laboratory the 
method will not be described here. Readers who wisli 
to use the method will find full details in the original 
papers {Zeit, /. Fhysilc Ohemiej 23, 1897, 267, and 40, 
1902, 635). 



CHAPTER VI 


ELECTEOMOTIVE FORCE 

When a chemical reaction takes place it is said to be due 
to chemical affinity. This quantity cannot be directly 
measured, but it is a function of the energy change, and 
since by the first law of thermodynamics a quantity of 
energy of one kind may be exactly conveited into an 
equivalent quantity of energy of another kind, it is 
possible to oUaiii a measure of the chemical energy by 
determining other energy changes which accompany the 
reaction. Thus the heat of leaction or the ek'ctiical 
changes may be measured. In this chapter it is pro- 
posed to consider the eleetiical changes, and for this 
purpose the reactions studied must take place in a 
galvanic or electrolytic cell Suppose two ditierent 
reactions be taken, these may give rise to the same 
quantity of eun-ent, hut the electrical energy changes 
accompanying the reactions may still he very ditierent; 
for the electrical energy change is proporiional to the 
product of the quantity and the intensity of the cuirent, 
^ e the electromotive force or fall of potential. Thus, if 
H represents the electrical energy change, C the cunent 
strength, and E the electromotive force, 

H = KCE, 


where K is a constant. 
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So that the electromotive force is directly proportional 
to the energy change, and if determined would give a 
measure of the chemical affinity, which may now he 
defined as the force tending to bring about a chemical 
reaction, and hence becomes the analogue of electro- 
motive force. When a reaction takes place without the 
addition of energy from outside, the system reacting 
passes from a condition of higher free energy to one 
of lower, the affinities of the products of reaction 
are less than those of the reacting substances, or, in 
other words, the tendency of these substances to react is 
less than that of the original substances. If such a 
reaction takes place in an electrolytic cell, the electro- 
motive force driving the current which accompanies the 
change is therefore a measure of the difference of the 
free energy vi the two systems. Hence the measure- 
ment of the electromotive force gives a ready means of 
studying the energy changes accompanying various 
reactions, and of solving other problems connected but 
remotely with these changes. 

Measurement of Electromotive Force 

Of the many methods available for measuring electro- 
motive force, that due to Poggendorf, and generally 
known as the Compensation method, is most suited to the 
present purpose. If a battery or cell C (Fig. 31) of 
constant electromotive force is connected to the ends of 
a uniform bridge wire AB, there will be a uniform fall 
of potential along its length. The amount of fall along 
any length AD will be proportional to the length AD* and 

equal to the fraction — of the total fall of potential 

along the whole wire. Suppose, now, a second cell E of 



ELECTROMOTIVE FORCE 


105 


smaller electromotive force than C be connected to A 
and through a galvanometer G with a sliding contact D, 
in such a way that its current is opposed to that of C. 
A current will flow through the circuit AEGD, and will 
be indicated by the galvanometer at all positions of the 
sliding contact but one. This point will be that at 
whicli the fall of potential along the wire from A to D 
IS equal to the electromotive force of E. Hence if V is 
the electromotive force of C, and V' that of E, then 

V : V' : : Length AB . Length AD. 


C 



Fio. 3L 


If the cell C were of quite constant and accurately 
known electromotive force the foiegoing would con- 
stitute a method of measmung electromotive force. The 
cell C is generally an accumulator and as is well known 
possesses a variable electromotive force, and further, 
since considerable quantities of current are drawn from 
C it is impossible to substitute the accumulator by a 
cell of accurately known electromotive force The 
difficulty is surmounted by comparing the accumulator 
with a standard cell of known and constant electro- 
motive force, and then comparing the unknown cell 
with the standardised accumulator. Fig. 32 gives the 
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arrangement; the point D' represents the point at 
which the standard cell S gives no deflection in the 
galvanometer, and this is first determined. Then the 
standard cell is replaced by the unknown cell E by 
means of the switch K, and the point of no deflection D 
determined. If V, is the electromotive force of the 


C 



Fzo. 82 . 


standard cell, that of the unknown cell, and V that of 
the accumulator, 

V : Vj • • Length AB : Length AD, 

V . Vj : • Length AB : Length AD' ; 
combining these expressions 

Vi : Vj, . : Length AD : Length AD'. 

The accuracy of electromotive force determinations, and 
that of the subsequent calculations based on them, 
depends on a careful attention to many details in the 
apparatus and conduct of the experiment. These will 
be noted along with the description of the apparatus. 

1. The Standard Cell, A normal element or standard 
cell must be easily reproducible, and must change but 
slightly with change of temperature. These desiderata 
are possessed by the cadmium or Weston element, and 
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in a lesser degree by the Clark cell. The cadmium cell 
is to be preferred to the C’lark cell, because its tempera- 
ture coefficient is less than that of the Clark element, 
and the electiomotive force of the Clark cell has a 
tendency to follow the temperature change iiTegularly, 
i e often when its temperature has changed the electro- 
motive force persists for an indefinite period at the value 
characteristic of the original temperature. The Weston 
cell may be made by the student himself, and with ordi- 
nary care should at once give the corieet electromotive 
force. It is made in an H-shaped glass vessel (Fig. 33). 

is 


0 


/ 

c 


Fig SS. 

Platinum wires, a and 6, are fused into the bottom of the 
limbs, A and B, and are connected to two terminals 
screwed into the base of the stand A (piautity of 
cadmium amalgam, c, constituting the negative pole, is 
poured into the limb A to a depth of one centimetre. 
The amalgam is made by wanning 7*5-80 parts by 
weight of mercury on a water bath, and adding one 
part of pure cadmium to it The amalgam must be 
poured into A whilst it is still hot, since it solidifies at 
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about 85°, and to prevent cracking the vessel it should 
be placed in a water bath, and heated up to the boiling 
point before the amalgam is added. An approximately 
equal quantity of pure mercury, cZ, constituting the 
positive pole, is poured into B. The meixury is then 
covered by a layer of a paste o£ mercurous sulphate, e, 
2-3 mm. thick, made by grinding in a mortar mercurous 
sulphate, a few cadmium sulphate crystals and a drop of 
mercury, together with a small quantity of a saturated 
solution of cadmium sulphate to form a thin cream. The 
excess liquid is filtered ofi* through cotton wool, the paste 
again rubbed with cadmium sulphate solution, and again 
filtered. This process should be repeated twice more 
for the purpose of removing any mercuric sulphate 
which may be present The amalgam in the limb A is 
covered by a layer, /, 2-3 mm. thick, of finely powdered 
moist cadmium sulphate crystals Both limbs are then 
loosely filled with fairly large cadmium sulphate crystals, 
and the whole apparatus filled to within 15 mm of the 
top with a satui^ated solfetion of cadmium sulphate 
sdiSO^SHgO. 

In making this solution it must not be heated above 
75°, for at this temperature the crystals change fiom 

SCdSO^SHgO to CdSO^HgO. 

Great ccvi'^e shovld he taken to see that neither the 
cadmium sulphate nor the metallic cadmium contain 
z%nc, and that the mercu/ry is quite for nearly all 
the irregularities observed %n Weston cells are due to 
om or other of these causes For the method of purifica- 
tion of mercury, see Chapter IV., Part I A layer of 
molten parafiin wax, g, 5 mm thick, is poured on the 
licjuid in the limb A, and wdien this has set the apparatus 
is carefully tilted, so that a bubble of air enters the 
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closed limb through the side tube The apparatus is 
then placed m its normal position, and the limb B closed 
by a similar layer of paraffin, li Discs of cork, i, % are 
then forced on to the paraffin wax, and the top of the 
cork covered with sealing wax, h A cell prepared 
carefully according to the above instructions should at 
once give its normal electromotive force, but it ought to 
be compared with a cell of known electromotive force 
before use. The Weston cell has the electromotive force 
given in the table below, and for any other temperature 
the value may be calculated by means of the expression 
E = 1 OISG - 0 000038(^ - 20) - 0 000000G5(i - 20)\ 
where t is the temperature and E the electromotive force. 


Temperature 

Blecti omoti\ e Force. 


10189 

10" 

10189 

15" 

10188 

20" 

^0186 

25" 

f0184 


2. Bindge WiTe, A bridge wire similar to that de- 
scribed in Chapter III may be used for the measurement 
of electromotive force. It must he calibrati^d before use, 
and should be at least one metre long. If tlie fall of 
potential along the whole wire is about 2 volts an 
accm‘acy of about 0 2 millivolt is obtainable, which 
demands that tlie position of the sliding contact must 
be read to 0 1 mm. In most measurements, however, an 
accimacy of 1 millivolt is all tluit is reipiired. 

If more_ accurate measurements are requited a longer 
bridge wire or a potentiometer made up of known 
resistances and a wire, must he used. 
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3. Source of Cxi/nemit. As source of current a cell of 
larger electromotive force than the largest electromotive 
force to be measured must be used. This is found in a 
large lead accumulator of 40-50 ampere-hours capacity. 
Such a cell serves admirably to produce the necessary 
fall of potential along the bridge wire. It has an electro- 
motive force of a little over 2 volts, and will not run 
down very qiiickly. The electromotive force accom- 
pan 3 dng chemical changes rarely exceeds 2 volts, and 
consequently the lead accumulator will meet all ordinary 
cases 

4. Meaawing Insti'wmemt. The measuring instrument 
is only used in electromotive force determinations to 
indicate the point at which the electromotive force of 
the ceU to be measured is exactly balanced by the fall of 
potential between the two points on the bridge wire to 
which it is attached, i,e. it serves solely as a zero 
instrument. A galvanometer or a capillary electrometer 
is generally used for this purpose. The former is more 
convenient and less likely to get out of order than the 
latter, but it is influenced by the resistance of the cell 
being measured. Should the resistance of the eeU be 
very high, the galvanometer is less sensitive than the 
capillary electrometer. The capillary electrometer, in 
addition to being less expensive than the galvanometer, 
is very easily fitted up, and when in good working order 
answers the required purpose admirably The capillary 
electrometer is made in many forms, but that illustrated 
in Fig. 34 is best suited for the present purpose. It 
consists of a wide tube, W, 4-5 mm internal diameter, 
and a bulb tube, B ; these are connected by a capillary 
tube, C, 0 6 mm diameter. A quantity of pure dry mer- 
cury, suflScient to cause the meniscus to stand about two- 
thirds up the capillsiry tube, is poured into W. The bulb 
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of tlio other tube is also about half filled with mercury, 
and the rest of the bulb and tube filled with dilute sul- 
phuric acid by means of a fine pipette. The dilute sul- 
phuric acid is made by mixing six volumes of water with 
one volume of concentrated sulphuric acid, allowing to 
cool, and then shaking with a drop of pure mercury for a 
few minutes. A piece of rubber tubing is then attached 
to W and the mercury blown up the capillary until con- 
tact is made with the sulphuric acid 
A few drops of mercury will fall into 
the bulb, and then the thread will run 
back into the capillary, drawing the 
sulphuric acid with it. The walls of 
the capillary must be thoroughly wetted 
with the acid by drawing the mercury 
up and down by alternately blowing 
and sucking at the rubber tube, but 
under no circumstances must the acid 
be drawn round the bend of the tube. 

Electrical contact is ma<le with the 
meicuiy by means of platinum wires, 
a and 6. The wire a mast be insulated 
from the sulphuric acid. This is most 
conveniently done by drawing out a 
capillary tube from a piece of glass 
tubing, threading the wire through it, and then sealing 
the lower end, leaving about 0*5 cnis projecting for the 
purpose of making contact. The outside ends of both 
platinum wires should he fused to insulated copper leads, 
and these permanently attached to two fixed teiminals. 
The principle on which the capillary electrometer depends 
may be briefly explained as follows : If the mercury elec- 
trodes of a capillary electrometer are raised to diflferent 
potentials by attaching them to the poles of a battery. 



Fza 84. 
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the one will be charged positively and the other nega- 
tively. Helmholtz and Lippmann have shown that 
when a mercury surface is charged positively its surface 
tension decreases, but when charged negatively the" sur- 
face tension increases Hence, if the mercury in the 
capillary tube is charged negatively, its surface tension 
will increase, and consequently it will travel up the 
tube; in the same way, when it is chaiged positively, 
it will descend the tube, owing to a decreased surface 
tension When there is no difierence of potential between 
the two mercury surfaces, i.e. when the cell being 
measured is exactly balanced by the potential fall on 



the bridge wire, the mercury thread in the capillary will 
remain stationary. Hence it follows that such an instru- 
ment will serve excellently as a zero indicator for the 
comparison of small potential differences, but it is of no 
use whatever as an electrometer in the strict sense of the 
word, for the amount of movement in the capillary is 
not uniformly proportional to the potential applied. 
The electrodes of a capillary electrometer must be con- 
nected together by means of a short-circuiting tapping 
key when not actually employed in making a measure- 
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ment. Such a key is depicted in Fig. 35. It consists of 
a metal bar, ah, actuated by a spring, which is so 
arranged that its position of rest is against the plati- 
num contact e. The electrometer is connected perma- 
nently to the terminals e and /, and consequently is 
always short-circuited. The terminal g and one of the 
fixed terminals of the electrometer are connected to the 
circuit containing the cell to be measured. The termi- 
nal g is connected to a platinum contact d, so that on 
pressing down the key, contact is made between the 
electrometer and the rest of the circuit ; on releasing the 
key again the circuit is broken, and the electrometer 
short-circuited. 

Although the capillary 
electrometer will work, no 
matter in which direction 
the current flows, yet it is 
advisable to connect it so 
that the positive current 
flows from the bulb to the 
capillary. This effectually 
prevents the formation of 
mercurous sulphate in the 
capillary, which inevitably occurs after short usage if 
the current flows in the opposite direction The scheme 
for connecting a capillary electrometer to the cell circuit 
is given in Fig. 36. 

As the point of balance is approached the move- 
ments of the mercury thread become very small, and 
it is necessary to observe them by means of a low 
power microscope. Capillary electrometers may be 
purchased, fixed in a stand to wliich a suitable micro- 
scope is attached. One of these is illustrated in Fig. 37, 
which, as will be seen, is fitted with a small lamp A for 
S.C. II U 
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illuminating the capillary. A small vertical scale is 
placed in the eye-piece of the microscope. This may be 
used to compute fractions of a millimetre on the bridge, 
if the electrometer is working sufficiently sharply. 
When an electrometer is working perfectly, the mercury 
thread should move sharply on pressing the key, and on 
releasing it the meniscus should move sliarply back to 
its position of rest, there should 
not he a slow movement hack to 
this position. A capillary elec- 
trometer in perfect working order 
ought to indicate a potential 
difference of O’OOOl volt When 
an electrometer ceases to func- 
tion properly it may often he 
made to work by blowing two 
or three drops of mercuiy from 
the thread over into the bulb. 
If this does not make it work 
then doubtless the walls of the 
capillary are dirty. It is often 
best when this is the case to 
discard the electrometer alto- 
gether, but it may be cleaned in the following manner : 
about 100 cc. of a hot concentrated solution of chromic 
acid is drawn through it by means of a pump ; this is 
followed by a large quantity of distilled water The 
vessel is then dried by warming and drawing a current 
of filtered air through it. Alkalies should never be used 
to dean electrometers for they are liable to produce a 
slight roughness on the waEs of the capillaiy which will 
effectually prevent the free movement of the mercury 
thread, 
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Testing a Standard Cell 

Tho first thing to be dt>ne after tlie preparation of a 
Weston cell is to compaic it with a cell of known 
electromotive force. This may be carried out in the 
following manner: The apparatus is connected up as 
indicated in Fig. ;i8 Tlie accuumlator A is connected 
to the ends of the bridge wire, h, u\ through a kt*y K. 
The electrometer E is connected to the end (»t' the bridge 
Wire 0, to which the positive pole of the accuiiiulat<jr is 


A 



attached, through the fixed terminal x\ and also to the 
tapping key T through the terminal //. The tapping key 
IS connected to tlie two way SAvitch S, which is connected 
to the standard cell c and to the freshly made cell 
The negative poles of these two cells are connected 
together and to the sliding contact N. Switches, such 
as are necessary in this class of work can easily be 
made, if not available, in the following manner. Three 
faiily deep holes, a, &, and e, are bored in a block of 
paraffin wax or ebonite as illustrated in Fig. 39, the 
holes are filled with mercury, and connection made 
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between the pairs a, h and a, c by means of a stout 
piece of copper wire d, bent twice at right angles. 
The wires, wliich are to be connected through the 
switch are amalgamated at the ends and placed in 
the several mercury cups. All wires used in electro- 
motive force measurements should be flexible and well 
insulated To compare the electromotive force of the 
freshly made cell with the standard cell, arrange the 
switch S so that the standard cell is placed in the circuit, 
then, observing the capillaiy thread through the micro- 
scope, depress the tapping key sharply. Notice the 
direction in which the meniscus moves, now move 



the sliding contact and depress the key again; notice 
whether the movement of the meniscus is greater or 
less than before. If it is less, continue moving the 
slide contact in the same direction until the meniscus 
moves slightly in the opposite <lirection; if the move- 
ment of the meniscus is greater, then move the contact 
in the opposite direction. When two points, about 1 
cm apai't, have been obtained, at which the meniscus 
moves in opposite directions, place the contact on the 
middle point between them and note the deflection, 
and in this way find the point of no deflection. It 
may be, if the apparatus is working well, that two 
points one millimetre apart give deflections in opposite 
directions; when this is the case note the number of 
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inicroscopc scale cliviMtais in eacli direction au<l cal- 
culate from them tln^ position betwetm the t^\o points 
on the bridge at 'svhieh tluTC would be no detlection. 
Should the apparatus not 1)e working well, or if the 
cell being measured has a very high resistance, the de- 
flectio]! may be ditBciilt to i»bstn'\e when nearing the 
point of balance. In this case the reading is oftem marie 
easier by holding the key down for a few seconds and 
then suddenly releasing it and obstu’ving the motion of 
the meniscus back to its position of rest 

Having found the position of balance for the standaul 
cell, place the freshly-mndc cell in the ciicuit hy altering 
the position of the switch S, and determine the position 
of no deflection for the newly-made cell. If tlie two 
cells have the same electromotive force the point will be 
the same as in the previous measurement If tlie point 
is not the same the electromotive force of the cell may 
be calculated from the readings thus : 

E.M F of standard • E m.f. of new cell .* /*N hH ' ; 
hN' 

EM F. of new X of standard cell, 

where N and N'are the points of balance of the standard 
and the new cell respectively. 

It is always wise in a series of electromotive force 
determinations to remeasure the position of no deflec- 
tion for the standard cell at the end of the measure- 
ments to ascertain that the accumulator has not changed. 
There is, however, little danger of this happening if 
a freshly charged accumulator of large capacity is 
used, provided that the accumulator circuit has been 
closed for twenty minutes before the measurements arc 
made. 
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Origin of the Electromotive Force of a Cell 

If the electromotive force of a cell of any kind, eg. a. 
Daniell cell, is measured, the value obtained is m^e up 
of the sum of several factors The Daniell cell, consist 
ing of a zinc electrode immersed in a solution of zme 
sulphate contained in a porous pot, and a copper 
electrode immersed in copper sulphate solution sur- 
rounding the porous pot, may be represented thus: 


1 

CuSOi 

ZnSO, 

Cu 

solution 

solution 


i.e. Cu ions 

i 0 . Zn ions 


The electromotive force of a Daniell cell, or the differ- 
ence of potential between the electrodes, actually measured 
is made up of the difference of potential at the surface 
contact of (1) the copper and copper sulphate solution, 
(2) zinc and zinc sulphate solution, (3) copper sulphate 
solution and zinc sulphate solution, and (4) the copper 
and zinc electrodes with the leads of the apparatus If 
the temperature is kept constant the potential difference 
at the connection of the leads with the zinc and copper 
electi-odes vanishes. The potential differences due to the 
other causes, therefore, make up the potential difference 
between the poles of the cell In building up cells for 
the investigation of energy changes, the potential dif- 
ference due to the contact of two li(]uids must be 
eliminated, since it is not due in any sense to the 
processes occuring at the electrodes, but, as will be seen 
later, to the differences in the migration velocities of 
the ioM In some cases the value of the liquid contact 
potential can be calculated, but in almost every case 
it can be reduced in amount to such an extent as to be 
negligible. 
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The liquid contact potential may be eliminated by 
adding to the two aolutioiis an equal concentration of 
an indifferent electrolyte, eg potassium chloride, or 
hy making contact between the solutions through a 
saturated solution of potassium chloride, potassium 
nitrate, or ammonium nitrate. Ammonium nitrate may 
not be used for alkaline solutions. Tlie elimination of 
the liquid contact potential has the effect of making the 
electromotive force of the cell equal to the sum of the 
potential ditfereiices existent between the electrodes and 
their contiguous solutions. 

When a current is being diawm from a cell, chemical 
changes take place at the electrodes in the case of a 
Daiiiell cell the changes are the solution of the zinc 
electrode with the formation of zinc ions, and the dis- 
charge of copper ions with the accompanying deposition 
of copper. When zinc ions are formed by the solution of 
metallic zinc, the zinc electrode becomes negatively 
charged with reference to the solution of zinc ions, and 
when copper ions are discharged the copper electrode 
becomes positively charged w'ith reference to the solution 
of copper ions. There is then a ditlerence of potential 
between the zinc electrode and the solution of zinc ions 
contiguous to it on the one hand, and between the copper 
electrode and the copper ions on the other , the algebraic 
sum of which represents the electromotive force of the 
cell The electromotive force depends on the nature of the 
metals forming the electrodes and the concentiations of 
the ions in contact with them. The difference of poten- 
tial between an electrode and its ions gives a measui*e of 
the tendency of the metal to form ions, Le. to pass into 
solution. A metal which is positive to a solution of its 
own ions, i.e. one whose ions tend to come out of solution, 
is said to have a positive potential, whilst a metal which 
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is negative to a solution of its own ions is said to have a 
negative potential. Since the total potential difference 
between the poles of a cell is the sum of the potentials 
at the two electrodes, it follows that if the value of the 
potential difference at one electrode is known, the value 
of the potential difference at the other electrode may be 
calculated, ie a, measure of the affinity at the electrode 
may be obtained. These single potential differences are 
generally known as “ single electrode potentials,” and to 
measure them a single electrode of known potential is 
employed, vi 2 ;, a calomel electrode. The principle of the 
method of measuring a single potential may be illus- 
trated thus: A cell is constructed in two parts, one 
consisting of the metal and solution to be measured, and 
the other of the calomel electrode of known polentiaL 
The two paits are connected by liquid contact through a 
vessel containing a saturated solution of potassium 
chloride to eliminate the liquid contact potential. Then 
the electromotive force of the composite cell is measured 
in the usual way. Its electromotive force, as has already 
been explained, is the algebraic sum of the potential of 
the calomel electrode and that of the electrode under 
investigation. The method of calculating the single 
potential difference will be clearer if a specific example 
is considered. 

Suppose a cell is made up of cadmium in cadmium 
sulphate solution and a normal calomel electrode, and is 
found to have an electromotive force of 0’980 volts, with 
the mercury as positive pole. The signs of the poles can 
always be obtained by observing which way the cell 
is connected up when the point of balance is obtained, 
for it is only when the cell is opposed to the accumulator 
that the point of no deflection can be obtained. The cell 
can therefore be represented thus : 
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Cd 



nKCl 


+ 

Hg 


OOSO 


indicating that since the mercury is the positive pole, 
the current must flow in the cell as indicate! 1, with an 
electromotive force of 0980 volts Now it is known 
that mercury is positive to a saturated solution of 
mercurous chloi-ide in noi-mal potassium chloride by 
0 560 volts at 18° So that this potential tends to pro- 
duce a current in the same direction as the total current. 
This may be represented thus : 


Cd 


Od" 


Hg.CU 

«KC1 


0 560 
0-980. 


+ 

Hg 


■> 


Since the total potential ditference is 0*fS0 volts, it 
follows that tlio potential ditleience between the cadmium 
and the solution of cadmium ions must he (» -t^O volts 
and this must be in the same direction as the total 
current, thus : 

Hg 


Cd 


Cd" 


Hg,CU 

nKCl 


0420 


0-980. 


0-560 


Hence there is a tendency for a positive current to flow 
from the cadmium to the solution, there is a tendency 
for cadmium to pass into the solution in question, lepre- 
sented by 0*420 volts, and in this process the cadmium 
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becomes negatively charged with respect to its solution 
It is therefore customary to express this by saying that 
the potential difference between cadmium and the given 
solution of cadmium ions is —0420 volts. There are 
many other methods of expres.sing these results, but if 
the above method is adhered to, much confusion and 
many errors will be avoided. 

The Calomel Electrode Since the accuracy of all single 
potentials will depend on the accuracy of the calomel 

electrode, the greatest care 
must be taken in making it. 

It is best made in a stout, 
wide-mouthed glass bottle A 
(Fig *10), of about 250 c.c 
capacity, the bottom of which 
is filled to a depth of 5-10 
mm. with pure mercury a. 
Electric connection is made 
with tho mercury by means 
of a short length of platinum 
wire fused into a glass tube 
g which passes through a 
rubber stopper R A few 
drops of mercury are shaken 
down the tube on to the 
platinum wire, and a stout 
piece of copper wire c, amal- 
gamated at its lower end, is 
placed in the mercury. The copper wire is fastened in 
the tube by running molten sealing wax into the top. 
A glass tube B, bent as in the diagram and fitted with 
a stopcock S, is inserted through a second hole in the 
rubber stopper. A length of about 30 cms. of black 
indiarubber tubing i is attached to the free end of 
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the horizontal U-tuhe, this is terminated hv a nlass 
nozzle N, which is tif>htly packed with cotton wool, 
and closed by an indiarubber cap, made bv iusertiiiij 
a short piece of glass rod into one end of a ^hort 
length of rubber tubing A tube W, 1 5 cuis diameter, 
is attached vertically to the upper limb of the hori- 
zontal U-tubo To till the vessel: place alsmt 10-15 
grams of pure calomel in a mortar along with a fow 
di-ops of morcury and 5 e.c. of an accuratelv pre- 
pared N or N/10 solution of iwtassium chloride, and 
nih the whole together until a thick grey paste has 
been obtained Then add about 30 c c. of tlie potassium 
chloiide solution, giind up agmn. allow the calomel to 
settle and decant the liquid. Add two fuither quantities 
of p)tassiuni chloride, decanting each time after the 
calomel has settled. Then add about 50c.c. of potassium 
chloride solution, transfer the whole of the conteut.s of 
the mortar to the bottle A, and fill the bottle to the brim 
with the potassium chloride sulutiou !Jfow insert the 
rubber stopper, having previously opened the stopcock, 
press the stojiper tightly into the neck, so that the 
platinum contact is completely covered by the mercury 
and the solution is dnven up into the U-tube. Close 
the stopcock and wire the rubber stopper to the neck 
of the bottle Pour potassium chloride into the vertical 
tube so that the U-tube, rubber connecting tube and 
the vertical tube are failed. Insert the stoppers in the 
vertical tube and the glass nozzle of the rubber tubing. 

To use the calomel electrode, the glass nozzle is un- 
covered and placed in the indifferent electrolyte used to 
eliminate the liquid contact potential, the stopcock is 
opened and the mercury electrode connected to the 
circuit. 

The form of calomel electrode described here is less 
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likely to give inaccurate results Ilian many other forms, 
for it is nearly impossible for the liquid in the cell to 
become contaminated with other liquids, which may 
diffuse back from the contact vessel, and further, the 
connecting tube can always be washed out by pouring 
potassium chloride solution through the vertical tube. 
The stopcock S should always bo closed when the 
electrode is not in actual use. 
The electrode may be made up 
with either a normal or a tenth- 
normal solution of potassium 
chloride, and is known either 
as a normal or a tenth-normal 
calomel electrode The potential 
diflerence between the mercury 
and solution has the following 
values at 18®. 

Normal electrode 

= +0*5600 volts. 

Tenth-normal electrode 
= +0*6130 volts. 

The temperature coeflBcient of 
the normal calomel electrode is 
+0*0006 volts per degree in- 
crease of temperature, and that 
of the tenth-normal electrode is 
+00008 volts. This makes it 
necessary, in accurate measure- 
ments, to keep the calomel electrode in a thermostat. 

Potential VesBels. Single potential differences are 
measured in small glass vessels shaped as in Fig. 41; 
these are about 12 cms. long and 1 5 ems wide, and are 
fitted with two tubes a and &. The tube a is about 



Fig. 4L 



ELEGTROMOTITE FORCE 


125 


2-3 mm. dinmeter and is insetted into the contact vessel 
containing the indittereiit electrolyte. The tube is fitted 
with a small ruhbtT cap. The elcctro(l(‘ is supported by 
a ruljber stopper r, and consists either of a rod of the 
metal to be measured, cemented into a glass tube as in 
the diagram, in which case it must be freshly coated 
with an electrolytic deposit of the pure metal, or of a 
platinum wire, sealed into a glass tube and coated with 
an electrolytic deposit of tlie metal to be iiieasurt*d. 
Exact instructions for the preparation of the electrodes 
are gi\ en under the various experiments. 


Experiment 

Detemmie the Potent hd JJifWence hefivecn Copper 
and a Series of Copper Sulphate Solutions at LS®, 
Hake a series of solutions of cojiper sulphate of the 

N N N 

following concentrations. N, and 

Place these solutions in a series of potenrial vessels, 
and place copper oloctiodes in the solutions The 
electrodes are made by fixing lengths of copper wire 
m narrow glass tubes by means of sealing wax, as 
indicated in Fig 41. The end of the wire which is to 
come into contact with the solution must be cleaned with 
dilute nitric acid, and then coated electrolytically with, 
copper. This is best done by connecting a series of 
electrodes (4 or 5) in parallel, and making them the 
cathode in the electrolysis of a solution of copper sul- 
phate in which a thin sheet of electrolytic copper serves 
as the anode. The solution should be made up of 
150 grams of crystallised copper sulphate dissolved in 
1000 ce of water, to which 50 cc. of absolute alcohol 
and 60 cc. of concentrated sulphuric acid have been 
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added. The electrolysis should be carried out by means 
of two accumulators, and the current cut down to 
1-2 milliamperes. When the electrodes are uniformly 
coated with copper, remove them from the solution, and 
wash with distilled water. To ensure the uniformity of 
the electrodes, reconnect them to one another, and place 
them in a solution of copper sulphate, which contains no 
acid, for about an hour. Wash each electrode with the 
solution with which it is to be used Place the point of 
one of the potential vessels in a stout glass vessel, 
“ middle vessel,” containing saturated potassium chloride 



solution, and then place the glass nozzle of the calomel 
electrode in the same solution, as indicated in Fig 42. 
In this way a cell is built up which is usually written 


Oil 


Cu 


Sat 

KCl 


Hg,Cl, 

nKCl 


Hg. 


The middle vessel should be placed on a shelf in a 
thermostat at 18°, and then the vessel containing the 
single electrode, or half element, to be measured will 
hang in the water of the thermostat, and so gain 
the requisite temperature. Connect the cell with the 
measuring apparatus as indicated in Fig 32, where E 
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represents the cell to be measured It is necessary to 
have a reversing switch for changing the direction of 
the current flowing in the cell should it be incoiTcctly 
connected. 

To make the measurement, first find the point of 
balance for the Weston cell ; let this be at the point D. 
Then find the point of balance for the composite cell * 
should it be impossible to obtain a point of balance the 
cell is connected up wrongly, but on le versing the poles 
by means of a reversing switch the point will readily be 
found, say D'. 

Then 

The electromotive The electromotive Length icn^^h 
force of the : force of the :: AD . AD'; 

standard cell composite cell 

or, The electromotive force AD' - ^ . , , 

of the cell AD 

The value of the calomel electrode is known, hence the 
value of the half element Cm | OuSO^ may be calculated. 
Proceed similarly with the other solutions 

Further experiments may be made with zinc and 
a series of solutions of zinc sulphate, and silver with a 
series of solutions of silver nitrate. The zinc electrodes 
are made by rubbing rods of pure zinc with dilute 
sulphuric acid and then with pure meicury. The amal- 
gamated rods are soldered to stout copper wires, and 
fastened in glass tubes by means of sealing wax. The 
silver electrodes should he made of lengths of silver wire 
fastened into glass tubes by sealing wax The uncovered 
ends which come in contact with the solution should be 
coated electrolytically with a tliin layer of pure silver 
from a dilute solution of silver cyanide in potassium 
cyanide The solution is made by carefully adding 
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potassium cyanide to a dilute solution (about — ) of 

^ 50/ 

silver nitrate until the precipitate at fiist formed has 
redissolved. The deposition should ho made by a current 
of 0 2 milliamperes from two accumulators. 


Effect of Concentration on Potential 

It has already been stated that the electromotive force 
of a cell depends on the nature of the electrodes and 
the concentration of the solutions in contact with the 
electrodes. The effect of concentration will have been 
observed in the last experiment. Nernst has shown 
that the relationship between the potential of a single 
electrode and the concentration of the solution may be 
represented by the expression 

E=EP+^log.Ca, 

where E is the potential of the single electrode under 
consideration, C the concentration of the solution, a the 
degree of ionisation of the dissolved substance, R the gas 
constant, i e 8*32 x 10^ absolute units, T the temperature 
in absolute degrees, oi the valency of the ion furnished 
by the electrode, F the charge on one gram equivalent 
ion, i,e, 96540 coulombs, and EP the electro-affinity, ^.e. 
the potential difference between an electrode and a normal 
solution of the ions furnished by the electrode. A list 
of electro-affinities is given in Table III , Appendix. 

Putting ill the constant values in tlte above expres- 
sion, it becomes 

E=EP+^^logioCa at 18°, 
and E=EP+^^^^^logi(,Ca at 26°. 
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The values of E and EP must be put in with tlieii 
pioper signs, so that it follows if the electrode pottriitial 
is positive it will decrease with dilution. wliiLst if it i‘5 
negative, dilution will make it more negative 

If the value of EP is known, it is obvious that 
the value of aC, i e, the concentration of the ions, 
ill any solution may be determined by measuring the 
value of E for the given solution against tlie metal 
which furnishes those ions, and using a calomel 
electrode 

Calculate the potential which the solutions you have 
measured should have given, using the following data 
and compare your results witli the calculated values : 




a 


JB 3> 1 

' ^ , 

N/IO 

1 

[ X50 

J NIOO. 

ZnS 04 - 

-0 4030 

] 

o:jy ' 

! 035 

} 0&3 

AgNO, - 

-1-1*0480 

0 58 ! 

i 0 «i 

' 001 

' 093 

CUSO 4 - 

-hOOOOO 

0 21 i 

1 0 . 3 .S 

; 0 53 

1 061 


Suppose we have a cell made up of tivo electrodes of 
one metal dipping mto two solutions of the same salt, 
but of difterent concentrations, e.g, t\vo silver electrodes 
dipping into two solutions of silver nitrate of dittereut 
concentrations, such a combination wall be found, on mea- 
surement, to have an electromotive force, there will be 
a difference of potential between the tivo silver electrodes. 
A cell of this type is known as a concentration cell, and 
if the two solutions are in contact with one another 
without any intermediate solution, it is known as a 
concentration cell with migration. The electromotive 
force is not the sum of the electrode potentials, but 
contains the potential difference at the surface of contact 
soil. I 
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of the two solutions, and is given by 
^ V .2x0 0.58, a 


E = - — X- 
tt+'O 


IT- 


u+i transpoit number of the anion, n the 


valency of the metal. and the concentration of the 
salt in the two solutions, and and the degi-ee of 
ionisation of tlie salt in the two solutions Hence if a 
cell is made up of two solutions of the same salt and 
two electrodes of the same metal, the concentration of 
one solution may be calculated from the measured electro- 
motive force of the cell and the known concentration of 
the other solution. 


Experiments 

(i) Detennim the Goncentration of Silver Ions in a 
given Soluhon of Silver Nitrate. Fit up two potential 
vessels with silver electrodes, prepared as described 

above. Place an ^ solution of silver nitrate in one of the 

vessels, and in the other a solution of silver nitrate of 


unknown strength. Use one of about ~ in this experi- 

nient Make contact between the two vessels by dipping 
them in a middle vessel containing a normal solution of 
potassium nitrate, and measure the electromotive force 
at 1 8 . Calculate the concentration of the ions in the 
unknown solution from the expression 


V 2x0058, 
— i — logio 


«iCi ^ 

«2C>’ 


where a^— 0'91, Ci=0‘02, ogCj is the concentration of 


the ions in the unknown solution, and — the ti'ans- 
port number of the anion = 0 .528. ^ 
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Couttrin your result by inoasurin^ tlie potential of the 
unknown electrode against a calomel electrode, as in the 
last experiment, and calculate from the formula 
E=EP+ 0*058 log 

Compare the results of the two experiments with the 
actual concentration of silver ions present, being given 

a2 = 0 93. 

(ii) Letevmiae ihe of Zine Tons in a 

Sfflalion (f Zinc Chloride Make up a solution of zinc 
chloride, place it in a potential vessel and insert a zinc 
electrode prepared as described above. Determine ils 
potential, using a calomel electrode as the other half of 
the cell. Calculate E from the result, and by means of 

the equation 0 058 

E=EP+-^logi„«C. 

Calculate the value of aC, ie. the concenii’atioii of the 
zinc ions. 

Determination of the Solubility of Sparingly Soluble Salts 

It is obvious that the ionic concentration of a saturated 
solution could be determined by the method described 
in the last section. If the ionic concentiation of a 
saturated solution is known, the solubility of the 
dissolved substance can easily be calculated. Hence it 
follows that the solubility of sparingly soluble salts 
may be determined by means of potential measurements. 
Consider the case of a saturated solution of silver chloride 
as an example A saturated solution of silver cliloride 
can be readily prepared by adding a drop of silver 
nitrate to a quantity of a solution of potassium chloride 
of known concentration If a precipitate of silver 
chloride is formed it follows that the solution is saturated 
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with silver chloride The concentration of silver ions 
in this solution can now be determined by the method 
described above Let C be the concentration of silver 
ions. It is known that the product of the concentra- 
tions of the two ions of a sparingly soluble salt gives 
a constant value known as the Solubility Product. 

Hence C x x 02 == L, 

where is the concentration of the potassium chloride, 
«2 the degree of ionisation, ie. is the concentration 
of chlorine ions, and L is the solubility product. 

In a saturated solution of silver chloride in water it 
may be assumed, since the solution is so dilute, that the 
salt is completely dissociated, ie the concentrations of 
the silver ions and the chlorine ions are alike. Let this 
concentration be Ci* 

Hence 0 ^X 0 ^— L, 

ie Ci=\/l. 

Now since the molecular concentration of silver chloride 
is the same as the ionic concentration of the silver 
ions it follows that s/l gives the solubility of silver 
chloride in gram molecules per litre, i,e, 

N/cx C3 Xa2=The solubility in gram molecules per litre. 
Expekiment 

Deten'mine the Solubility of Silver Chloride in Water 

N 

ai 18°. Make up a solution of potassium chloride 

and till a potential vessel ■with the solution; prepare a 
silver electrode by the method already described, and 
before inserting it in the solution add one drop of a 
10 per cent solution of silver nitrate to the solution 
A precipitate •will bo formed signifying that the solution 
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IS saturated with silver chloride. Measure the potential 
o£ the solution against a calomel electrode, using a 
saturated solution o£ potassium chloride in the middle 
vessel If E is the single potential of the half element, 
and EP the electro-affinity of silver (see Table III, 
Appendix), the concentration C of the silver ions in the 
saturated solution may bo calculated by means of the 
formula E = EP+OOo81ogioC. 


Having obtained this value, the solubility product may 
1)0 obtained by multiplying it by the concentration of 
th(‘ chlorine ions present in the solution. Tenth-normal 
potassium chloride is dissviciated to the extent of n 5 per 
cent , hence the concentration of chlorine ions is 
0 I X 0 85 gram ions per litre. 

The solubility product therefore is 


()TxO%s6xC=:L, 

and \C IS the solubility of silver chloride in gram 
molecules pei litre. 

The concentration of silver ions in the saturated 
solution may also be detennined by measuring the half 
elenieiit against a solution of silver nihate of known 

N 

conceiitiutioii. Measure it against an solution of silver 

nitrate, and calculate the concentration of the silver ions 
in the saturated solution of silver chloride by means of 
the expression 

E = — ^ 2 X 0-058 log,. 

where E is the measured electromotive force, — is the 

H + c 

transport number of the NO'j ion, is the ccaicentratioii 
of the silver nitrate solution, a its degree of ionisation. 
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The transport luimber of the nitrate ion will he found 

in Table IV , Appendix : the degi*eo of ionisation of ^ 
siher nitrate is 0 81 

Ha\ing obtained the value of C, calculate the solu- 
bility as described above Compare the results obtained 
in the two exjieriinents. 

Further experiiiieiits may bo made to determine the 
suluhility of silver bromide and silver iodide. The 

N 

degree of i(»nisation o£ potassium bioiaide = 0 So, and 

N 

that of potassium iodide = 086 at 18°. 

Cells with Electrodes of Different Concentrations 

That the electromotive force of a cell depends on the 
ooiicentralions of the ions has been seen already If a 
cell is inadt' up of two electrodes of the same metal, and 
of one and the same solution, there will be no difference 
of potential between the electrodes, but if by any means 
the concentration of the metal can be made difierent in 
the two electrodes, then a difference of potential will be 
set up. Such a concentration cell may bo built up by 
using as (me electrode a dilute amalgam, ^ e. a solution 
of the metal, whose ions are present in the electrolyte, 
in pure mercury An amalgam of this sort will have a 
potential which depends on the concentration of the 
metal, when in contact v ith a solution of its own ions. 

Expeuiment 

J)vU*ru\U\e the Potential Diference hehiren Zinc 
Anitdtjum of rarions conemtmtions and a Solution 
if Zlne Sulphate. This experiment must be carried out 
in a potential vessel of the type depicted in Fig. 43. It 
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CM)iisists of uu onliiuiiy potential vessel, 20 cms long and 
2-;] cnis diameter, fitted with a side tube which has a 
tap, E, at the bend. The vessel is closed by a rubber 
stopper, which carries a glass stirrer, C, a protected 
])latiiuuii electrode, B, and a rod of pure zinc, A. Place 
abtjut 5 c.c. of pure mercuiy, accurately weighed to the 



40 


nearest centigram, in the vessel, and tlnm fill with a 
nonnal solution of zinc sulphate Imsort the stopper, 
taking care that the platinum p'liit is completely im- 
mersed in the mercury, and then close the tap E. The 
tap must be (pnte free from gi'ea^e in this expiudmeut, 
and should be wetted with the solution of zinc sulphate 
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1>e£ore being inserted. Connect the zmc rod, through a 
large variable resistance and a milliammeter, with the 
positive pole of a battery of two accumulators, and the 
platinum point with the negative pole Allow a current 
of 3-10 niilliamperes, accurately measured, to flow for 
about four minutes, also accurately measured, using a 
stop-watch to determine the time Then break the cir- 
cuit, stir the anulgam and measure the potential differ- 
ence between the zinc rod and the amalgam The 
potential difference between the amalgam and the calo- 
mel electrode should also be measured, contact between 
tlie two electrodes being made through a middle vessel 
containing a saturated solution of potassium chloride 
Then reconnect the zinc rod to the battery circuit and 
allow the current to flow for 10 minutes , measure the 
potential differences as before. Allow the current to flow 
for further periods of 10, lo, 20 and 30 minutes, and 
measure the potential differences 

Record the results in tabular forms thus * 



The weight of zinc dissolved in the mercury is obtained 
by Panulay’s Law from the expression 
Q=C^f, 
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where Q is the weight of zinc in gianis, C the current 
strength in amperes, z the electrochemical equivalent, 
and t the time in seconds. The value of z for zinc is 
0*00338, the value for Ot is the total number of 
c >ulombs, the number given in column 3, obtained 
by multiplying the current in amperes by the time in 
seconds. The values in column 5, ?.e. the concentration 
of the zinc in gram molecules per litre are obtained from 
the expression 

( Concentration ~ 

r X b;> 

where Q is the weight of zinc, v the volume uf mercury, 
and 05 the molecular weight of zinc in hitrcury stJution. 
Tlie \alues in column 0 arc those actually iuea.Nure(l 
against the zinc rod, and the values in column 7 are the 
dilferences between the successive measurements. Tin* 
values ill column 8 are the iiguies obtained fur the 
composite coll, 

Zn Amalguui | ZiiSO^ } Calomel Electrrule. 
and the figuies in column 8 are the ditfeieiices lietween 
the successive \alues. The \ a lues obtained in column.-. 
7 and 9 should be identical The calculated ditiereuces 
ai*e obtained from the expression 


^ OOoN, 

E= log 

n 


Cl 

c/ 


in which n is the valency of zinc, i.c. i?, and are the 
concentrations of the two amalgams, and E is the dilier 
ence of potential which ought to exist between them if 
they were the two electrodes in a cell. 

Further experiments may be carried out with copper, 
lead and cadmium amalgams. For details see 8pencer 
{JSeitf. JSIeldrocheitue, 1905, 41, G81). 



CHAPTER VII 


ELE(Ti?(>MOTIVE FOPOE {Conti, laed) 

Gas Cells and Electrodes 

In the idbt dia[)ter, cells made up of reversible soluble 



electrodes wore considered ; 
it is also possible to have 
reversible gas electrodes, 
% e cells in which the elec- 
trodes are gases whose ions 
are pi^esent in the solution. 
At first siglit it appears im- 
probable that a gas which 
has no metallic conductivity 
can serve as an electrode, 
but by a special contrivance 
this becomes possible The 
ariangement is given in 
Fig. 44, and consists of a 
glass potential vessel, A, 
fitted with three side tubes, 
a, b, and c, and an electrode, 
dy made of a sheet of plat- 
inum which is coated with 
platinum Hack and half 
immersed in the solution, 
is slowly bubbled into the 
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^'essel tlirougli a, and is absorbed by the platinum black 
to an amount wliich is in equilibrium wdfch the gaseous 
atmosphere surrounding the electrode The platinum 
then l)ohaves as a gas electrode, Le. as though it were 
iiicide entirely of the gas in question. By means of such 
an arrangement gas electrodes of hydrogen, oxygen, and 
chlorine may be measured if the solutions in which they 
are ininiersed contain liydiogen, oxygen, and chlorine 
ions respectively. An acid solution always contains 
liydrogt*ii ions, and consc<]uently the concentration of its 
ions may bo measured by means of a hydrogen electrode. 
Oxygen ions are ahvay.s present in an alkaline vsolution, 
being deiived from the tlissociation of the hydroxyl 
ious thus : ^ :>0''+2H20. 

Chlorine ions are always prestuit in solutions of chlorides. 

(his c*<‘lls obey exactly the same laws as c«*lls with 
metallic elect r*)des and couse(]aently may be tieated in 
exactly the same way as these cells 
F(»r example, a hydrogen couctuitralitui cell may be 
considered thus 


I ( ’ouctmtratcMl solution Dilute '-olutmii of , 
ofHCl, ocHions llCl,.. irions ' 

The electiomotive foice of this ct^Il is gi\en }>y 


E = 


a 4 - 


RT . ^^1^1 

uF ^ 


wliere the symbols ha\e the same signiticaace 
foimer cases. 


iu tlie 


Expkiuments 

(i) Detfviniue th\ Ehvttvimtfiv** Fotre af (f 
Vonectitvafioih CM nufM up of (icif Sttluhou'^ *f Hydro- 
Mono Acid, at IS*". The success of this experiment 
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depends on the platinum electrode, which, must be pre- 
pared with the greatest care. The electrode consists of 
a strip of platinum foil, 3 cm. long and 1-5 cm. wide, 
this is welded to a short stout piece of platinum wire, 
which is fused into a glass tube, electrical connection 
being made by a drop of mercury placed in the tube. 
The foil is then coated with a uniform layer of platinum 
black. For the method of coating with platinum black, 
see Chapter III. The electrode, as thus prepared, may 
contain a large amount of occluded chlorine This is 
removed by allowing the electrodes to stand in a solution 
of ferrous sulphate, acidified with sulphuric acid, for half 
an hour. The electrodes are then thoroughly washed 
with distilled water, and kept in water until required. 
If electrodes prepared in this way are used for measuring 
gas potentials, a considerable time, amounting sometimes 
to hours, must elapse before an equilibrium between the 
gas and the solution is set up. Wilsmore has found, how- 
ever. that if only a small quantity of solution is used in 
the potential vessel, the equilibrium will be set up in a 
quarter of an hour. An electrode, which gives the poten- 
tials very quickly, has been devised by Luther and Brislee, 
and is preferable in every way to the one described above. 
Such electrodes may he purchased very cheaply, but are 
quite easily made m the following way . A piece of Jena 
tube is drawn out to the shape indicated in A (Fig. 45). 
The surface of this tube from a to & is then coated with 
a thin uniform layer of chloroplatmic acid in oil of 
bergamot, and dried by carefully warming it above a 
bunsen flame, taking care to keep the tube constantly 
rotati^d the while. In this way a thin film is produced, 
which may bo thickened by applying a second coating 
of the solution. When the film is thick enough the tube 
is rapidly rotated in the lower part of the bunsen flame ; 
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tins will caus<‘ the Him to darken, due to the d^-r.unpu'-i- 
tioii ot* the oil in the lilin. The heating shoultl be con- 
tinued in thus part of the tlame until the tube is uniformly 
black It is essential to note at this stage that tht* lilin 
iiinst not be blistered; if this has happeinsl the whole 
process must bo rocoinnieneed The tube i*s now heated 
more strongly until all the organic 
matter has bet‘n coinplettly hurnt f 
away. The tul)t‘ will then present r- 
agieyish whitt‘ app« aranee, hut tlie 
platinum will easily peel otF To 
prevent this the platinum is hunit 
into the glass by heating to bright jl 6 

redness in a l)lo\\pipe tlame Tlie .L A 

tube is then dra^\u oft' at and a 
piece of soft tubing is placed over 
tlie end and cemented to the 
idectrode by sealing wax Contact 
is ma<le between the thin platininn 
layer and the circuit by means uf 3 A 

a drop of mercury. The electrode 
must iinally be coated wdth a layer 
of platinum black, and when tin- I ) ^ 

islied has the appearance depicted / 

in B (Fig 45). Tlio potential vessel I | 

difters slightly from the vessels 
used hitherto; it is fitted with three 
side tubes, a, at the bottom, narrowed as in Fig. 44 fitr 
the admission of the gas, b at the top for the gas exit 
and c, fitted with a tap, fur insertion in tin* middle ve'^^sel 
Tlie tap in the tube c must not be greased, but may be 
wetted witli the solution contained in the potential vessel 
To make a determination* till one potential vessel 
with a normal solution of hydrochloric acid and the 
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other with a tenth-normal solution of hydrochloric acid, 
insert the electrodes, open the taps, and allow the acid to 
flow out until the electrode is about half immersed in 
the liquid. Connect the tube a in each case to a 
hydrogen generator, and the tube 6 to a small mercury 
trap Place both potential vessels in a middle vessel, 
which stands in a thermostat at 18°, and contains a nor- 
mal solution of hydrochloric acid Allow a slow stream 
of hydrogen to bubble through the solutions for half an 
hour. The hydrogen should be purified by passing 

A 


+ - 



Fr. 46 


through wash bottles containing potasvsium perman- 
ganate and mercuric chloride respectively, and finally 
through a solution of hydrochloric acid of the same 
stren^h as the solution in the potential vessel Connect 
up the gas cell to the measuring circuit, and determine 
its electromotive force, keeping the hydrogen bubbling 
through all the time. Allow the gas to pass for twenty 
minutes longer and remeasure ; repeat the process until 
the electromotive force is constant 
As the electromotive force of this cell is not very 
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tlui position of balance will e(»uie near tlio end ut 
tlie bridge wire, ainl will ])e liable to considerable error 
Hence it is prefeuible to measure the c*‘ll by cuuneotiiig 
it ill series with t!ie standard cell The scheme of con- 
nections fur this is *»iveii in Fiy 4<>, in which o is the 
standard cell and r ^ijfas cell The cell c is lueasiiivd 
by f>hicin^r the arm of the switch S in th«‘ j'nisitiou 1, :> 
and then the two cells in series ai*e iiioasuied by placing 
the switch arm in the position 1, 4 If N is the position 
of balance for the eadmium cell and N* for the two cells, 
thmi ^Ye have the ridationsliip. 


KM F, of 
staiulird cell 


EMF of 
standaid cell 
-h hydrogen cell 


lt‘neth bN : length //N', 


if* KMF. of E.M.F of \ E.M.K of 

hydrogen cell \lN standard ccdl/ standar<l evil. 


and inserting the value of the standard cell at 18® 
we get* 

n M t\ of hplro^ron = X 1-010 volts 


Compare the value you olitain with the v’alue calcu- 
lated from the expression: 


E=-4-x2x005Kliiif,,, 


a, a’ 


where and are the concentration and degi*ee of 
ionisation (d* the more concentrated solution, and and 
of the more dilute solution. The value of fur N 

hydrochloric acid is 0 80, and that of for ~ livdro- 

- 10 " 

chloric aci<l is 0*01. The transport nuinhor of the aniuu 
is 0 172. The experimental result should bo within 2-5 
per cent, of the calculated value. 
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(ii) Bdermnie the Degree of Ionisation of Water at 
18°. Since water i.s ionised it follows from the law of 
mass action that in any solution containing either 
hydrogen or hydroxyl ions, 

Concentration of H ions x concentration of OH' ions 
= constant x concentration of water. 
The concentration of undissociated water is always 
extremely large when compared with the concentrations 
of the ions, and consequently may he regarded as con- 
stant. Hence ^ q jj' _ ^ 

Fiom which it follows that every solution containing 
OH' ions must contain H ions to the extent represented 
OH' N 

by Prepare solutions of caustic potash and 

hydrochloric acid and place them in potential vessels 
fitted with electrodes as described in the last experiment 
Pass a cuiTent of hydrogen thi*ough the solutions, and 
measure the electromotive force of the cell 

Hg 1 0-01 N, HCl 1 0 01 N, KCl | 0 01 N, KOH | H^, 

as described in the last expeiiment, using a hundredth- 
nonnal solution of potassium chloride in the middle 
vessel. Let be the measured value of the electro- 
motive force of the cell; this value will be found to 
difter from the value calculated from the expression 

E,=0-0681og„?§, 

where and are the concentration and degi^ee of 
ionisation respectively of the hydrochloiic acid, and Cg 
is the concentration of the hydrogen ions in the caustic 
potash. 

The difference between the observed and calculated 
values of the cell is due to the large liquid contact 
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potentials at the surfaces of contact of HCl and KCl and 
KCl and KOH, and since these oppose the electrode 
pc^teiitials the iiieasni*ed value will be smaller than the 
calculated value. In the case <»£ completelr dissociated 
solutions it is po‘^si})le to calculate the potential ditfcteiice 
at the li<iuid contacts Thus, if there aie two completely 
dissociated solutions of liydrcehloric acid and potassiiini 
cliloride in contact, tlie contact potential will be ^^iven by 


E = 



^'11 + 

-f 


where % and 'i* are the mobilities of tlie ions whose 
symbols are written beneath them, and the <»tlit*r letters 
have their usual meanings 

For the purpose of calculating the contact potentials, 
the sohitions nieasun*d in this experiment may be 
regarded as being completely ionised, so that the 
potential ditteivnce at the surfact^ of contact HCl • KCl 
is given by 


Ec 


= 0-058 




at IS", 


and at the surface of contact K( ’I ' KOH 


E.. = 0-058 at 1S=, 

where n and r are the mohilities of tho ions whose 
syiu1)ols tire w’rittoii beneath them. From Table V., 
Appemlix, the mobilities of the ions in tpiestion are 
found to be = 0H' = 174, Cr=(j5 9, and K’ = (i5:l 

Hence and calculate out to Ee = 0 0271 volts and 
Ee. = 0 0151 volts, tliese twm pottaitiaLs act in the same 
direction, Imt in opposition to the electrode potentials, 
hence to get true electrode potential the sum of the 
s.c. II." K 
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contact potentials must be added to the experimentally 
(letennined value 

i.e. Eu+l) 0422 = the electrode potential ditfercnce E^, 

Eo+ 0'0422 = Ej= 0 058 log.o^- 

Now, since tlie concentration of the hydrogen ions is 
known in the hydrocliloric acid, it follows that the con- 
centration of the hydrogen ions in the caustic potash 
solution be calculated from the above expression 
(ai = 0‘98) Knowing the concentration of the H and 
OH' ions in the caustic potash solution, the degree of 
ionisation of water may be calculated : 

H xOH'=k, 

and since in pure water H‘ = OH' it follows that x/k 
gives the concentration of H and OH' ions in water. 

In the calculation the concentration of OH' ions in 
caustic potash may he taken as 0 0097, -i.c. OOLxao, 
where a, = 0-97. 

The degree of dissociation of water at 18® is 0 8 x 10 
(hi) Determine the Degree of Hydrolysis of an 


Solution of Sodium Acetate, Sodium acetate is liydro- 
Ij^sed in watei* solution according to the equation 
CHgCOONa + H202:CH3COOH + NaOH, 
consequently there are both liydiogen and hydroxyl ions 
in the solution, the concentration of which may be detor- 
iniiied by the inctliod described in the last experiment 

Make up solutions of hydrochloric acid and 

sodium acetate, and construct from them a hydrogen 
concentration cell according to the scheme 
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Use sodium chltiriile in the iinddlo vessel, and 

nuMsuve tlio electromotiv«‘ force of the cell. 

(^ilculate llie Ihjiiid cunteel pole iitials at the sui faces 
HCl i XfiCl and NaCI | CH^COONa. and add their values 
to the observed elcctroinotivo force. Then calculate the 
coiiceiitratioii of tin* hydroeen ion in the sodium 
aeetatt* by means of the expiosshm 


E =0 0 r.Sloi», 


\vliert‘ Oi = 1. 

Frmn tlie relotionship 


«iCi 


H xOH'=K = ldxlO-i^ 


tlie concentration of the hydroxyl ion^ can he olaaiiied 
hy suhstuulin<» tlie value Cj in tlie expression thu.<. 

1 lx 


The ])ercentai^H hvdrolvsis of - -- sodium acetate is 
theii^ivenhy ‘ ‘ ‘ 

p — ^ aico ntration of OH' x 1(10 
C\nict*iitration of sodinui arvrate 

^ ‘ ^ - LI 

C.x(>'00i C. 


Electrodes of the Second Type 

The luetliods adopted for the meabiirement of potential 
ditiereuces have, so iar, fuiuiished no means of consider- 
ing tht‘ potentials of ions ulach are not directly fiinii.shed 
hy an element, e.y. SO/? NO./, CHa:0()\ etc, i i\ chietiy 
anions of other than hnuirv acids These ions nuiv he 
measured by electrodes of the second type. An electrode 
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of this kind consists of a metal in contact with its 
sparingly soluble salt which contains the same anion as 
the solution under consideration Thus, for example, 

Ag.AgCl.KCl 

would constitute an electrode of the second typo, for the 
measurement of chlorine ions, whose potential would 
depend entirely on the concentration of the chlorine ions 
furnished by the potassium chloride. 

We have seen that the potential in electrodes of the 
first type depends on the concentration of the metal ion , 
in the above case, then, the potential of the electrode 
would depend on the concentration of the silver ions 
furnished by the silver chloride. The number of the 
silver ions is, however, determined by the number of the 
chlorine ions, according to the expression 

Ag’xcr=L, 

where L is the solubility product of silver chloride, which 
at 18"* is equal to l‘10xl0““. If potassium chloride is 
added to a saturated aqueous solution of silver chloride, 
the concentration of the chlorine ions will be very much 
increased, and the silver ions, according to the above 
equation, will be correspondingly decreased, i.e, the con- 
centration of the silver ions will depend absolutely on 
the concentration of the chlorine ions. Consequently 
Ag AgCl may be viewed as, and is in reality, an electrode 
for measuring chlorine ions 

The Nernst equation for such an electrode is 



where K is a constant, Ag* the concentration of the 
silver ions, and the other symbols have the usual 
meaning 
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Now 

* . K, 

Aj: =^,i 

wilt IL- Kj^ = L. 

1 leiice 

_ RT, K, 

E- p-l'-Ji, ^ ' 



or takiuj; out ^ 

^ RT , K RT , 
F ^ Ki F 


when the concent rat ion ut* tlie chlorine imis is unity 


E = 


RT, K 


and this is desiouated EP, i t* the potential diti^ienee 
})et\\een the tdectrode Ag*. AgCl, ainl a normal solution of 
chlorine ions. 


Hence E = EP- - loo.CT. 

F 


To use such an electrode it is nee**ssaiy to know the 
value of EP and insert it m the e(|uatioii The value of 
EP is determined hy making up such an electrode with a 
solution of potassium chloride containing a known con- 
centration of chloiiiie ions, and measuring the single 
potential against a calomel electrode, then since in tlie 
eiiujition E = EP - 0 0o.S 1< (gi,, 

all the factors are known but EP this can be calculated 
E is the measured single potential, Ci is the concentration 
of potassium chloride, and Uj its degree of dissociation. 


Expeuiments 

(i) Detenuiyiethe raliLevfEPfom Carbouftfe Electrour 
at 25®. Prepare about 5 grams of pure siKer carbonate 
by slowly adding a dilute solution of sodium bicarbonate 
to a concentrated solution of silver nitrate, shaking the 
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mixture \if(orouhly clxiring the addition. If the silver 
carboiiiitc has been correctly prepared it will have a 
sulphur-yellow colour. Wash the precipitated caiboiuite 
with water to remove the excess of bicarbonate, and 

N 

finally wash with an solution of pure sodium carbonate 

solution The sodium carbonate should be extracted with 
absolute alcohol, before being made up, to remo\e any 
free caustic soda winch it may contain. Place about 2~3 
grams of the moist silver carbonate in a 125 c c stoppered 

N 

bottle, fill the bottle with sodium carbonate solution, 

close the bottle with a rubber cap and shake in a 
thermostat at 25° for 24 hours, so that the solution may 
become saturated with silver carbonate. Place about 
one gram of silvei carbonate in a potential vessel, fill 
the vessel with the saturated silver carbonate solution, 
insert a freshly-silvered silver electrode, prepared as 
described in Chapter VI,, and measure the potential 
against a normal calomel electrode, using saturated 
potassium chloride in the middle vessel. Care sliould 
be taken that the silver electrode is entirely covered by 
the. silver carbonate. 

If E is the measured single potential, 


E=EP- 


0 0595 


logio COg". 


The concentration of the CO 3 '' is obtained in the fol- 
lowing manner : 01 N sodium carbonate is dissociated to 
the extent of 63*5 per cent and hydrolysed 4'52 per cent. 
Had there been no hydrolysis, then the concentration of 


carbonate ions would be 


01x0*635 . ^ , 

5 , since two equivalents 


of sodium carbonate yield one gram ion of carbonate 
ions. 



ELrXTi{OM( )T1\ E E( )1}CE 151 

l>ui ul* the tut til sudiiuii carlhUhitt 4 52 p*jr cent, is 
hythuKscsl, f 0 5x04 '52x01 yivim equivalents o£ 
liytlivxyl ions are jnvaent. 

From the t‘(|uatiuii 

N a >C( l-hiij ) = Xa 1100 .+ XaOH 

It; follows that of the total soOiuiu ions there are two 
[iiesent due to each molecule of stjdmin carbonate liydro- 
lysed, / r, one foi the Ht'O/ and one toi the UH'. So 
that 0452x0*1 oi* the total sodium ions present ar<* due 
to the ionisation of sodium biearbouate and sodium 
hydroxide forined in the hydrolysis The ditlerenee 
]a‘t\ve(‘n this quantity and the total number of sodium 
ions present gi\es the numbiT of sodium ions due to the 
dissociation of sodium carbonate i.e the quantity which 
IS equivalent to the carbonate ions 

i>. 0-1x0 085-0 0452x0*1: 

and since each carbonate ion coritspoiids to two stadium 
ions the conceiitiation of the carbonate ions is e<iual to 
KOI X 0 085 -U 0152 X 0*1)= 0 0295. 

Substituting this ^ alue in the above equation, EP can 
be calculated and should have the value 07457 volts 

(ii) Deltrmine the i^ulahiliiy and Hydro- 

lysisofa Satvrafed ^^luiion of Silver Carhonuie at 25\ 
Prepare a (piantity of pni*o silver carbonate by the 
method described above, place 5 grams of the moist salt 
in each of two 125 ce stoppered liottles, fill one bottle 
with carbon-dioxide free water, and the other with an 
approximately normal pure sodium carbonate solution. 
Stopper the bottles, close the stoppers with rubber caps, 
and shake in a thermostat at 25° for 24 hours. Measure 
the potentials of both solutions against a calomel elec- 
trode, using the carbonate electrode described in the last 
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experiiuent From the single potentials we can calculate 
the concentrations of both the silver ions and the car- 
bonate ions in each solution 

The silver ions by means of the equation 

E = 1-075 + 0 0595 log^oC", 

whole 1 07ois the ^alue of EP for silver, C" the concen- 
tration of sih er ions, and E the measured single potential 
cliHorence. 

The carlioiiate ions by means of the expression 
E=0 7457-0 029 logioC', 

where 0*7457 is the value of EP for the carbonate ion, 
determined in the last expeiiment, C' tlio concentration 
of the carbonate ions, and E the measured single potential 
difierence. 

The solubility product of silver carbonate is now 
given by ^ q/_ ^ 

In pure water solution, assuming there is no hydro- 
lysis, the concentration of the silver ions is twice that of 
the carbonate ions, 
le iAg=CO/', 

and Ag* X Ag X CO/ = L for a water solution, 
or JtAg7=L, 

Ag*=N/Er. 

Now the concentration of JAg' is the same as the 
molecular concentration of silver carbonate, 

i.e. Solubility of silver carbonate = ^ q' 

Calculate the solubility of silver carbonate from both 
experiineiils by the above formula The value has been 
found by Spencer and Le Pla to be 1-15x10“^ gram 
molecules per litre. 
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Tlio ck‘^nM‘ of hyclrohsm of bilwr carLu.iat^* lii.iy L* 
(MlcuUited HI the toll* iwing inaiuier : 

If silver curbomilo is h\ (liulysfd, aiid \\». iu,»y 
assume, euiupletely ionised in a^ueoiN solmi.m, tlan we 
shall have present the ions Ag , Oil', HCO ' and Ox’\ 

The equivalent eoueontratioii of the silver ions, as the 
only cations present in any (|uuiitity, must be equal to 
the sum of the equi\alent concentrations of the C<V, 
OH' anti HCO/ ions. Hence tlie sum of tin* OH i<Hi^ 
and the HC< C ions is equal to the dilteieiiee betweeii 
the Ag ions and the (.'()/' ions. If \\e lepiesent tlit* 
e<|ui valent concentrations of tlie ions by their symbols 
the above may be expressed, 

Ao- = OH'+00. -f HChV 
Ag -~CUa =OH'+HCO:. 

Xow the concentrations of the UH' ions and the 
HOO3' ions are the same, as wull be seen iVeun the 
equations 

Ag,CO . + II ,O;:AgH00,,+ AgOH, 
w’-hich, when completely clissoeiattd, gives the ions thus * 
AgHOO.+AgUH:^2Ao’+uH'-f-Ht^b. 

Hence the concentration of the OH' ions is given by 

or, since the concentration of the Ag ions and CO,/ iruis 
are known, p./ 

r\nrf U — O 


Hence the percentage hydrolysis h is given by 





1 00 . 


Tlie value of h should work out to per cent. 
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Electrodes of the Third Type 


Tlic for(‘»oiiig types of electrodes have not furnished 
a method of dealing with metals such as calcium, baiium, 
tluillium, etc, where the metal reacts with water. 

The potentials of these metals may be determined by 
electriides of the thud type It was shown by Luthei* 
{Znt f Phyxilo Gheniie, 27, 864, 1898) that if a chain be 
made up consisting of a metal, one of its insoluble salts, 
an insoluble salt of another metal containing the same 
anion, and a solution of a salt containing the same 
cation as the second insoluble salt, such an electrode 
serves to measure the concentration of the metallic ions 
m the solution, provided that the EP of the chain has 
been determined An example will make this clearer. 
Suppose we have the chain 

Hg| Hgl.TlI.TlNOJ 

such an electrode obeys the usual Nernst formula 


^ RT, Ki 
E = — logeTJ^o 
nF ^ Hg 


where the symbols have their usual meanings. If such 
an electrode he measured the potential will depend in 
the tirst place on the concentration of the mercury ions 
furnished by the mercurous iodide, this is, however, 
controlled by the concontiation of the iodine ions given 
by the thallous iodide, which are in their turn deter- 
mined by the thallous ions furnished by the thallous 
nitrate. Hence the concentration of the thallous ions 
determines the potential measured. 

This is expressed in the following ec^uations, in which 
the symbols represent concentrations : 


Hg xI'^Kg, 
TlxI'-Kg, 
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since the concentration of the iodine ions in botli ex- 
pressions is the same for a solution saturated both. 

%-.!S 

T1 -K3- 

Substituting the value of Hg* in the origimil oipuition 


\vc got 


K 

^ RT, K,’ 1 RT, K, 


Whon Tl- = 1, E = ^ log, K = EP, 

where EP is the potential ditFeience between the 
electrode HgHglTlI and a normal solution of thallium 
ions 

The expression resolves itself into 

E = EP - 0 0595 logio Tl at 25°. 

The tliallous ions are not entirely due to the tliallou«! 
salt, a portion of them, /, commg from the tliallous iodide 
hence the equation must he written 

E = EP - 0 0595 logio (C + /), 

where C is the concentration of the tliallous ions from 
the solution For the method of obtaining i sec yjieiicet* 
{Zeitf, Fliysih Gheniie, 76, 3, 360) 

In making up an electrode of the third type sevenil 
conditions must be observed. Fiist the depolarisors, i 
the insoluble salts, must be sparingly soluble, and must 
not react with one another nor with the solution. 
The depolaiiser containing the same cation as the 
solution must be more soluble than the other depolariser 
In the example considered above thallous iodide is more 
soluble than mercurous iodide. 
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Experiments 

Ci) Determine the vukie of EP for the Electrode 
Hg,H<jl,TlI,nTllfO^ Place 5 c.c of pure mercury, 
2-3 gi'ams of mercuric iodide, amd 2-3 grams of thallous 
iodide in a -well-stoppered 250 c.c. bottle, fill up with 
N 

an solution of thallous nitrate, and shake for 24 hours 

in a thermostat at 25° Place 1 c c of pure mercury in 
a potential vessel, and fill up with the saturated solution, 
taking care that a considerable quantity of the solid in 
the bottle enters the potential vessel Make electric 
contact with the mercury by means of a platinum wire 
fused into a glass tube Measure the potential against a 
calomel electrode, using a saturated solution of potassium 
chloride in the middle vessel. Calculate the value of EP 
by means of the expression given above, using the value 
of i=0-0047l. 

(ii) Beteniiine the Goncentratiem of ThaUous Ions in 
tt 0 01 N Solntxon of Thalloue Chlox'ide. Make up a 
O'Ol N solution of thallous chloride, place it in a well- 
stoppered 260 c.e. bottle, add 6 c.c. of pure mercury* 
2-3 grams of mercuric iodrde, and 2-3 grams of thallous 
iodide. Close the bottle with a rubber cap, and shake 
for 24 hours in a thermostat at 25°. Measure the poten- 
tial, as described in the last experiment, and calculate 
the concentration of the thallous ions by means of the 
formula given above. Taking the value of EP as 
-b 0*5355 and 4=0*00471. From the concentration of 
the thallous ions, calculate the degree of dissociation of 
0*01 N thallous chloride. 
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Oxidation and Reduction Potentials 

When a Ruhstauce in solution passes from a lower to a 
higher state of oxidation, the change in the positive ion 
can be represented as due to an increase in the inimher 
of ionic changes , thus, if a ferrous salt is oxidised to a 
ferric salt, the change may be represented ])y the eiiuatioii 

Fe‘-f0=Ft*‘". 

In tlie same way the oxidation of metallic xinc to a 
salt in solution may be represent(‘d by 

Zn+20=Zn*\ 

Tlie reversal of tlie above equations will naturallj 
repiesent reduction 

Considering a substance which gives rise to negative 
ions, the change from the free element to ions must 
therefore be desciibed as a I’eduction, and represented 

I , +20 = 21 ', 

and in the same way the increase of the number of 
negative charges on an anion will represent a re<luction. 

As an example of this, the passage of potassium ferri- 
cj'anide to potassium ferrocyanide may be taken 

Fe(CN V"+0 = Fe( CNf 

If these considerations be granted, oxidation may be 
defined as the taking up of positive charges or the 
removal of negative charges, and vice vemt reduction 
is the taking up of negative charges or the lemoval of 
positive charges. 

The measurement of the potential diflerence between 
a metal and a solution gives, as has already been seen, 
the tendency of tlie metal to form ions or in other w<'»rds 
gives the tendency towards oxidation 
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It is possible by means of electromotive force measure- 
ments to determine the tendoncj^ of an ion in a lower 
state of oxidation to pass over into a higher state of 
oxidation, 

eg. Fe“!2^Fe***. 

Such measurements are made possible by the use of 
platinum electrodes. Suppose a cell is built up as the 
scheme below indicates, 

Pt|Fe-!Fe* *|Pt, 

then if the platinum electrodes are connected to an 
accumulator and a current passed through the solution 
as indicated by the arrow, 

p'tlFe-jFe-IPt, 

the feiTous ions in the one half of the cell will all be 
oxidised to ferric ions, and the ferric ions in the other 
half will all be reduced to ferrous ions, thus : 

Pt|Fe- jFe'lPt 

If, now, instead of connecting the platinum electrodes 
to a battery we short-circuit the cell by connecting the 
two platinum electiodes with a wire, thus : 

]^ | Fe- |Fe"|^t, 

then the same process wull be set up of itself, the ferric 
ions will give up electrons to the platinum and become 
ferrous ions, the electrons will pass through the wire to 
the otlier platinum electrode, and there convert some of 
the ferrous ions into ferric ions The process will go on 

Fe 

until ail eijuilibrium is set up, at which the ratio 

will he the same in both solutions. The electromotive 
force with which this change takes place gives a measure 
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of the tendencj" of the ions to oxidation, and is prop'*r- 
tional to the concentration of the ions 

The exiiression giving the relationshij) lietwoeii tln» 
olcctroinotive force and tlie concentiations ot the ions is 
a moditiod form of tlie Nernsi equation 


^ . RT, 


wliere electromotive force occasioned by 

the passage of the lower state of oxidation to tlie higlier, 
?.c. the tendency to oxidation, P is the potential lepre- 
sentiiig this tendency when the two stages are pivsisit 
in equal concentration, and M' are tlie ionic o mceii- 
tratioiis of the lower and higher stages of (fxidatioii 
respectively, n is the difference in valency of the ions in 
question, and the other symbols liave the usual meanings 
Method of Meamvnuent In making a measurement, 
a solution is made up of salts of the same anion, }>ut in 
different states of oxidation Thus, taking a spetitic 
case, a solution of ferrous and ferric chloridef^ is made up 
and placed in two potential vessels of the usual type, 
and electiodes of platinised iilatinum are inserted Tlie.se 
are made by fusing short lengths of platinum wire into 
glass tubes and making electric contact by means of a 
drop of mercury. The electrodes are then coate<l vith 
platinum black and freed from occluded chlorine as 
described above The potential of each half element is 
measured against a calomel electrode, and they oiiglit 
both to give the same value It will be found, howe\ei% 
that usually the value is not the same, but that after a 
period, more or less prolonged, they become the same. 
Abegg and Spencer have shown that if the electroiles are 
polarised, either anodieally or cathodically, before inser- 
tion in the liquids, constant results are at once obtained. 
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It is therefore usual to make all measurements in 
duplicate, using in one cell an anodically polarised elec- 
trode, and in the other a cathodically polarised electrode. 
Both cells should give the same value The electrodes 
are polarised by using them as electrodes in the electro- 
lysis of a dilute solution of sulphuric acid. The cell 
measured is thus 


Pt 


Pc- 

Fe* 


Calomel Electrode. 


Let the value of this combination be e volts ; aU oxida- 
tion potentials are expressed on the basis that the 
tendency of hydrogen to pass into the ionic condition, 
when in contact with a normal solution of its ions, is 
xero Hence the value of e must be converted to this 
standard. The calomel electrode and the normal hydro- 
gen electrode, when connected, have an electromotive 
force of -1-0*283 volts. 


Hence = ec + 0* 283 volts, 


where e* is the potential of the normal hydrogen electrode, 
the potential of the calomel electrode. Hence the 
values obtained when oxidation cells are measured 
against a calomel electrode must be increased by — 0 283 


volts. 

From the value of thus obtained, P may be cal- 
culated, if the concentrations of the two ions are known, 
from the eejuation 


E(o->i)=P4 


0 0695 


71 




w’here C® and C* are the concentrations of the ions of the 
lower and higher stages of oxidation, and 7i is the differ- 
ence in the valency between the two stages of oxidation. 

The value of P for the various pairs of oxidation 
stages gives a series of the tendencies of these substances 
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to undergo oxidation. The table below contains the 
values which have been accurately deterinined. 


Electiude 

=0 

=0 283 

Fe Ee ‘ 

+0*743 

+0 4G0 

Cu Vu 

+0 413 

+0 13() 

Fe(C’Nv7 Fe(ON)i" 

+0 436 

+0 133 

T1 T1 

+ 1 191 

+0 003 


Expe«tment 

Determine the Oxidation Potential of a Solution 
contain imj Equivalent quantities of Ferrous and Ferric 
lone. Make up a litre of a solution of ferrous and ferric 
nitiatos containing sufficient free nitric acid to prevent 
the hydrolysis of ferric nitrate ; analyse the solution to 
determine the concentrations of the fen*ous and ferric 
salts. The concentration should be about 001 in each 
case, but it is of no imporiance what the concentratiuii 
is, so long as it is dilute, and accurately known. Fill 
two potential vessels with the solution, insert electrodes, 
prepared and polarised as described above. Care must 
be taken that the solutions are not oxidised by the air. 
Measure the potential difference between the electrode 
and the electrolyte by means of a calomel electrode. 
From the value obtained deduce the hydrogen value and 
calculate the value of P, remembering that the concen- 
trations C® and C* are the ionic concentrations. The 
nitrates are the most strongly ionised of fenie salts, 
hence wdien in concentrations of 0 01, no great error vrill 
be introduced by assuming that they are completely 
ionised. 

S.O. II. 


L 
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THEUMOCHEMISTBY 

As was indicated in Chapter VI. the thermal changes 
accompanying chemical reactions furnish a measure of 
the energy changes in the substances undergoing reaction. 
The study of these heat changes constitutes thermo- 
chemistry. 

Most chemical reactions are accompanied by a heat 
change, either an evolution of heat, in which case they 
are known as exothermic reactions,’' or an absorption of 
heat, when they are described as “ endothermic reactions.” 

The amount of the heat change depends on (1) the 
nature of tlie reacting substances, (2) the physical con- 
dition of the substances, and (3) the quantities of the 
substances entering into the reaction. Consequently if 
the substances reacting are always in the same physical 
condition, %e. gas, liquid, or solid, and in the same 
quantities, the heat change in a given reaction is 
constant and characteristic of the reaction. 

Thermochemical quantities may he classified under the 
following headings : 

1. Heat of neutralisation, 

2. Heat of solution, dilution and hydration. 

3. Heat of formation. 

4. Heat of combustion. 

The nature of these various Iieat quantities is amply 
specified by their names. 
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Units and Method of Expressing Thermochemical Eesults 

Heat changes are almost always expressed with 
respect to one gi*ain equivalent, or one gram molecule of 
the reacting substances , thus, for example, the heat of 
neutralisation of caustic soda by hydrochloric acid is 
generally denoted as 13 7 large calories. This must be 
taken to moan that the neutralisation of one gram 
molecule of hydrochloric acid by one gi'am molecule of 
caustic soda gives rise to a heat evolution of 13 7 large 
calories 

Quantities of heat are usually expressed in calories. 
The calorie is defined as the quantity of heat lequired to 
raise one gram of water from 18° to 19°, and ilesignated 
by the symbol cal. For thermochemical purposes the 
calorie is too small, since in most cases the heat change 
would involve the use of very large numbers in which 
the last two figures are of doubtful accuracy. Hence it 
is usual to adopt a unit which is approximately one 
hundiod times as large as the calorie, symbolised K. 
Tliis unit is the quantity of heat required to raise one 
gram of water from 0° to 100°. A still larger unit, 
introduced by Berthelot, and known as the large calorie, 
is often used. This unit is equal to 1000 small calories, 
and designated Cal. 

A thermochemical result is expressed by writing the 
chemical formulae of the reacting substances side by 
side, but separated by commas or colons, together with 
the amount of heat change which has accompanied it. 
The chemical symbols are always taken to represent the 
relative weights in grams which they indicate in a 
chemical equation, and the substances they represent, 
unless otherwise stated, are assumed to be in the physical 
condition usual to them at the temperature of the experi- 
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ment The method of expressing thermochemical results 
will he clearer if a few examples are considered. 

Thus (K,C],30)=969K 

represents that 959 K are evolved when one gram mole- 
cule of potassium clilorate is formed from its elements. 

(KCl,30)=-9r-5K 

indicates that 97*5 centuple calories are absorbed when 
a gram molecule of potassium chlorate is formed by the 
oxidation of dry potassium chloride. 

(KC103,Aq)=-10()*4K 

expresses that the heat of solution of one gram molecule 
of potassium chlorate in an excess of water is —1004 
centuple calories, ie an absorption of 100*4 K takes place. 
(KClAq, 30)=:- 153*7 K 

states that an absorption of heat amounting to 153*7 K 
occurs when one gram molecule of potassium chloride in 
aqueous solution is oxidised to potassium chlorate. 

(2NaOHAq, H^SO.Aq,) = 313*8 K 
indicates that when two gram molecules of caustic soda 
in dilute solution are exactly neutralised by a dilute 
sulphuric acid solution 313 8 centuple calories are 
evolved. (Br2,Aq)=10-8K 

is the heat of solution of one gram molecule of bromine, 
under ordinary conditions, in excess of water, whilst 


(Brg gas, Aq) = 7 6*4 K 

is the heat of solution of the same weight of gaseous 
bromine. (CuSO,Aq-Fe)=372K 

indicates that 372 centuple calories are evolved when 
5G grams of iron react with a solution containing one 
gram molecule of copper sulphate. 
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A comma is used to separate the formulae of the 
reacting substances when they eomhine directly and a 
colon when they react, hut there is no direct combination. 

Thus (HgOrCla) indicates tliat the chlonne reacts 
with the mercuric oxide to form mercuric chloride and 
oxygen, whilst (HgO,Cl 2 ) indicates that the two sub- 
stances react together to foim mercury oxychloride. 

Apparatus and Method 

All tliermochemical operations are carried out in a 
calorimeter For the present purpose the calotiuieter 
described below is most suitable. It consists of a double- 
walled outer vessel, A (Fig 47), made of polished copper, 



which is fitted with movable cover, C, made in two 
halves The space between the walls of this vessel is 
filled with water. Standmg inside A, supported on three 
pointed corks, d, is a cylindrical vessel, D, of about 
litres capacity, made of silver or silvered copper. 
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This vessel is prevented from touching the sides of the 
outer vessel, A, by three cork wedges, w, which are 
cemented to the walls of the outer vessel. A third 
vessel, 0, of about 750 c.e. capacity, made of silver or 
platinum, stands inside D, and is isolated from it by cork 
supports, s. The vessel o is the calorimeter proper, ie, 
the vessel in which the actual measurement takes place , 
the other vessels are to prevent the access of heat to o 
from the outside and the loss of heat from o by radiation 
during the experiment The vessel o is provided with a 
stirrer, nt', made of the same metal as the vessel itself 
The outside vessel is surrounded with a thick layer of 
felt, and is provided with a stirrer, m. Beckmann 
thermometers (see Chapter VII , Part I.) must be used 
for measuring the temperature changes occurring in the 
various reactions. The calorimeter fitted up for an 
experiment is shown in Fig 48. The method of carrying 
out a tliermochemical measurement is the same in prin- 
ciple as that adopted for all kinds of thermal deter- 
minations. It consists in measuring the heat change 
which takes place in a liquid, generally water, in the 
inside vessel of a calorimeter when a given process 
occurs in it. The details of the operations naturally 
vary considerably for the different processes ; they will 
therefore be described under the various headings. See 
also in this connection Chapter XIII., Part L 

1. Heat of Neutralisation 

The heat of neutralisation is the quantity of heat 
evolved when one gram molecule of an acid is neutra- 
lised by an equivalent quantity of a base. When strong 
acids in dilute solution, ie, 1 gram molecule in 200-400 
gram molecules of water, are neutralised by strong bases 
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in solutions of about the same concentration, it is found 
that the heat evolved is practically a constant quantity, 
VIZ, 13*7 Cal. If one considers the changes occurring 
when such solutions are mixed, the reason for this 
constant figure becomes apparent Strong acids and 
bases in dilute solution are practically concipletely ionised ; 
the same may be said of the salt formed by tlieir re- 
action, so that the only real change is the formation of 
water by the union of the hydrogen and the hydroxyl 
ions, thus ; 

Na*+0H'+H‘-hCl'=H20 + Na+Cr. 

Hence 13 7 Cal , the heat of neutralisation of strong 
acids by strong bases, represents nothing more tliaii the 
heat of combination of hydrogen ions and liydroxyl ions 
to form water. The heat of neutralisation of weak acids 
with strong bases may be either greater or less than 
13*7 Cal. The reason for this being that the incom- 
pletely ionised weak acid has to become ionised before 
the hydrogen ion can combine with the hydroxyl ion; 
the ionisation of the weak acid may take place with 
either the evolution or the absorption of heat, and this 
quantity of heat is added algebraically to 13’7 Cal , the 
heat of combination of the hydrogen and hydroxyl ions. 
A fui*ther quantity of heat may be introduced due to tlie 
condition of ionisation or hydrolysis of the product of 
the reaction The same remarks apply equally to the 
neutralisation of a strong acid by a weak base. 

Experiments 

(i) Ddermi'iie the Heat of Neutralisation of Camtic 
Soda by Eydroehloinc Acid, Pill the outer walls of the 
calorimeter with water at least 24 hours befoie tlie experi- 
ment is to be commenced, and allow it to stand in the room 
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where the experiment is to be carried out. It is imp->i-tant, 
for good work, that the temperature of the labirutoiy 
should not fluctuate. Set two Beckmann thermouieters 
(see Chapter VII , Pait I.) so that the mercury stands at 
the bottom of the scale at atmospheric temperature, com- 
pare the readings of the two thermometers so that the 
relative value of their readings is known. Prepare a 

quantity of ^ caustic soda, free from caibonate (see 

page 67), and ^ hydro- 
chloric acid solution Place 
the various calorimeter ves- 
sels in position, and add 
250 c c. of the caustic soda 
solution to the inmost 
vessel. Pliico one of the 
Beckmann thermometers in 
the caustic soda solution, 
so that its bulb reaches 
about half way down the 
liquid Wash out a wide- 
iKicked flask with a little 

of the ~ hydrochloric acid 

solution, pour the acid away, and leaving the flask still 
moist add 250 c.c. of the acid to it. Place this flask 
in a vessel similar to inmost vessel of the calorimet<*r, 
surrounded by a felt covered outer jacket (Fig. 4*0) 
and insert the other Beckmann thermometer in the 
hydrochloric acid 

It will be noticed that the temperatures of the acid 
and alkali are either rising or falling in a perfectly 
regular slow manner, due to radiation. Record the tem- 



Fio. 48. 
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peratures of tlie acid and alkali every minute for 8 or 9 
minutes, and then pour the acid into the alkali, taking 
care to avoid splashing Note the exact time of the 
mixing, and stir slowly, reading the temperature every 
minute. It will be found that at first the temperature 
rises irregularly and then commences to fall at first 
irregularly, but finally in a perfectly regular manner. 
To obtain the actual temperatures of the acid and alkali 
at the moment of mixing, plot the temperature readings 
of each solution as ordinates against the times as 
abscissae. Tliis will give two curves, representing the 
rate at which the temperature of the acid and the alkali 
is changing, and on producing the curves to the time at 
which the mixing took place, the temperature of the two 
solutions will be obtained As the two Beckmann ther- 
mometers will in all probability not give the same 
reading, one or other must be taken as the standard, and 
the readings of the other adjusted to it, by adding or sub- 
tracting the difierence of their readings The thermometer 
in the alkali should be taken as the standard, for more 
readings are taken with it than with the other. Plot the 
readings after the solutions have been mixed, and draw 
a lino through the points after the temperature begins to 
fall regularly ; this gives a curve of the loss by radiation, 
and on producing this backward to the time at which 
the solutions were mixed, the point at which it cuts the 
ordinate through that time, gives the temperature of the 
end of the reaction. The method will doubtless be 
clearer from the diagram (Fig 50). Suppose the points 
represent the temperatures at the 1®*, 2“*^, 3^^, 4^^^, 5*^^, 6*^^ 
and 7‘*^ minutes in each case, and that the addition of 
tlie acid to the alkali took place at the 8*^ minute, then 
by producing the curves through the points 1-7 to the 
8^^ minute the true temperatures and of alkali 
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andixcid respeetnely at the moment o£ imsiu;; h'' 
obtained Fiu'thev, sui)poi5e the ^loiuts mi the nihei 
of the axis drawn at tiie iS"' nduate, represent tli- t -ui- 
pratvixes at the ll"‘, 11'", 12'“, 14'- ami IT 

minutes, then the line drawn thnmeh the points at tiie 
11®, 12®, 13®, 14® and 15'" minutes, pivslue'-d Uick v> 
the 8® minute, will give the true tiual temperature ^ 



The total heat change is calculated as follows : 

The reaction has given out a quantity of heat, H Cal., 
which has raised 250 ec of s^ium chloride adutiuu 
from tS to and 250 c.a of sodium chloride solution, the 
caloiinieter, stiixer, and thermometer, fiom IJ to #3 It 
sj is the specific heat of tlie solution of sodium chluride, 
and W the water value of the calorimeter, stirrer and 
thenuometer (see Chapter SUL, Part I ), then the quan- 
tity of heat used up in effecting this change is 

8iX 2.50 X dit^-Q+s^y. 250 xd(fj-fi)+W(t8-ti'l, 
where d is the demnty of the sodium chloride solution 
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N 

An j solution of sodium cliloride has a density at 18‘’-20° 

of 1 043, and a specific heat of 0 978. 

The expression tliorefore becomes 

” ='l5oo(® 978 x 250x1 043[(i,-g+(#3-y]+w(#3- <i)} 

where H is the heat evolved in large calories 
The qirantity H is evolved by the neutralisation of 
N 

250 c c. of an solution of hydrochloric add, i e. | gram 

molecule, by an equal quantity of caustic soda Hence 
the heat of neutralisation =S h large calories. 

The result should be 1378 Cal. , an enor of 0-2 Cal. is 
penuissible in this experiment 

As a further exercise the heat of neutralisation of 
sulphuric acid by caustic potash may bo determined. 

(ii) Defffi'mhie tlie Heat of lonisatkm of Acetic Acid. 

Detennine the heat of neutralisation of ^ acetic acid by 

o caustic soda, using the method described in the last 

jj 

experiment. Let H Cal. be the value obtained. Had 
acetic acid been completely ionised, the amount of heat 
evolved would have been 13*70 Cal Hence (H - 13 70) 
Cal. represents the heat change due to the ionisation of the 
unionised fraction of the acetic acid Let d be the degi’ee 
of ionisation of acetic acid at the dilution and tempera- 
ture of the experiment, then (1-d) represents the 
unionised portion. The heat change (H-1370) Cal is 
therefore due to the ionisation of (1-d) gi-am molecules 
of acetic acid. Hence, if i is the heat of ionisation, 

, H-13 70 
(1-d) • 
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The value of S for acetic acid in ^ solution is 0'6 per 

cent, and in this experiment acetic acid may be assumed, 
therefore, to be completely unionised. To determine the 
v.lue of Ihe degree of ionisation see Chapter III. and 
Table VI , Appendix. 

Repeat this experiment with barium hydrate ; use 

^ solutions of hydrochloric acid and baryta. In tiie 

calculation use the value of d=0'8 at 18‘’-20’ for tentli 
normal baryta. 


Avidity of Acids 

The heat of neutralisation of acids by alkalies has 
been made use of to determine the avidity or relative 
strength of acids. When solutions of two acick are brought 
into contact with a quantity of a base insuflBcient to com- 
pletely neutralise them, the base will be shared between 
them in the proportion of their strengths if the salts 
fonned remain in solution. This reaction will give rise 
to a thermal change which will be proportional to the 
amounts of the two salts formed. The same effect will 
be produced if the salt of one of the acids is treated with 
the other acid. Thus, the same final condition will be 
arrived at if one gram molecular weight of sodium 
sulphate is treated with two gram molecular weights of 
nitnc acid, or if two gram molecular weights of caustic 
soda are treated with a mixture of two gram molecular 
weights of nitidc acid and one gram molecular weight 
of sulphuric acid. If a: is the fraction of the caustic soda 
neutralised by the nitric acid, then (!-«) will repn-sent 
the fraction neutralised by the sulphuric acid, and the 
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condition of the substances 'will be represented by the 
equations 

2 Na 0 H+HjS 04 + 2HN08 = (1 - !B)NaaSO,+ 2a!NaN08 

+ 2 ( 1 — a!)HN 03 +a)H 2 S 0 ^. 

Ha2SO^+ 2 HNOj = (1 - a>)Na 2 S 04 + 2 a!NaN 08 

+ 2(l-a:)HN08+a!H2S0, 
cc 

The fraction = ; will give the ratio of the strengths of 

the two acids. 

Avidity determinations are usually carried out by 
adding one acid to the sodium salt of the other acid, 
measuring the heat change, and calculating the value of 
X from the thermal result. 

Suppose equivalent quantities of sodium sulphate and 
nitric acid, represented by NagSO^ and 2HNO3, react in 
dilute solution, and that in the reaction x molecules of 
sodium sulphate are decomposed to form 2x molecules 
of sodium nitrate. The change will be represented by 

Na3S0,+2HN03=(l 

+ 2 ajN‘aN 03 + 2(1 - aj)HN 03 + aiH^SO^, 

and will give rise to a heat change, say H Cal. 

The total heat change H is made up of several factors, 
viz, those due to. 

(i) The decomposition of x molecules of NagSO^. 

(ii) The formation of 2x molecules of ITaNOg. 

(iii) The interaction of x molecules of HgSO^ with 
(1 — aj) molecules of Na2S04. 

(iv) The interaction of 2(1— cc) molecules of HNO3 
with 2.13 molecules of NaN03. 

(v) The interaction of 2(1— a?) molecules of HNO3 
with X molecules of H2SO4. 
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Thomsen has shown that the factor (v) produces iiu 
heat change whatever, and tliat tlie heat change 
occasioned by (iv) is of such siiiall dimensions that it 
can he ignored. 

The heat change (Na^SO^Aq, 2 HNOtAq>, ie. H becomes 
therefore, equal to the heat of neutralisation of mole- 
cules of caustic soda by 2 x molecules of nitiic acid, minus 
the heat of neutralisation of x molecules of sulpliuiic 
acid by 2 x molecules of caustic soda, plus the heat of 
reaction of x molecules of sulphuric acid on (1— a:) mole- 
cules of sodium sulphate, Le 

H = {^(21SraOHAq, 2 HN 03 Aq)-a*( 2 Na 0 HAriJrS 0 ,Aq) 

+(1 -aj)Na,SO,A(i, . 

If, no\v, we have 2NaOH,H2R(\ and 2HXO3 together 
the reaction can he represented thus 

( 2 NaOH Aq, 2HN03Aq, HaSO.Aq) 

= (2HN03Aq, 2 NaOHAq).f (2NaX03Aq, H^SO^AiO 

or =(H3SO^Aq, 2Na0HAq)+(Na3S0,Aq,2HN03Aqh 
the final state being the same in both cases. 

Hence 

(2NaN03Aq, H2SO,Aq)-(NajSO,Aq. 2 HNO Aq) 

= (H^SO^Aq, 2 NaOHAq) - ( 2 HNOjjAq, 2 NaOHAq). 

Substituting this in the above e(]uation it becomes 
H=.r{(Na2S04Aq,2HN03Aq)-(2NaN03Aq,H2SC),Aq)} 

+ (1 -ir)Na,SO,Aq, rH,SC\Aq. 

Hence, if we determine the heat evolved when one 
molecule of sodium sulphate is acted on by two molecules 
of nitric acid, two molecules of sodium nitrate by one 
molecule of sulphuric acid, and sulphuric acid on wsodium 
sulphate, the value of x and the relative strengths of the 
acids may be calculated. 
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The heat changes due to the action of sulphuric acid 
on sodium sulphate have been ■woi'ked out by Thomsen 
and found to be 

(Na,SO,Aq,nH,SO,Aq)=-;jj-^x3300 Cal. 

where n is the number of molecules of H 2 SO 4 reacting 
with 1 molecule of Na 2 S 04 , 

Experiment 

Beievmme the Relative Strengths of S^dphuric and 
Nitric Acidn, Prepare molecular solutions of nitric acid, 
sulphuric acid, sodium sulphate, and sodium nitrate. 
Determine the heat change when 500 c.c. of nitric acid 
solution reacts with 250 cc of the sodium sulphate 
solution, and when 250 c c of the sulphuric acid solution 
reacts with 600 c c. of the sodium nitrate solution. Tliese 
determinations are effected in the same way that the 
heat of neutralisation was carried out in the last experi- 
ment. Let H Cal. be the cictual heat evolved in the 
reaction of sodium sulphate and nitric acid, and H' the 
heat evolved in the reaction of sodium nitrate and 
sulphuric acid. 

Then 

Xs X fZ(f 3 — X (^3 

where s and d represent the density and specific heat of 
the reaction mixture, the final temperature, the 
initial temperature of the liquid in the calorimeter, i,e. 
nitric acid, and the initial temperature of the sodium 
sulphate solution. Since s = 0*969 and d = l*019, the 
expression becomes 

X0-9C9 X 260[(i,-g+2(«3-O]+ W(f,-<i)}; 
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similarly 


H'= 019 X 0 969 X 250[(V- V) + 2(f/- Vll 

where is the final temperature, the initial teinpei*a- 
ture of the sulphuric acid solution, and the initial 
temperature of the sodium nitrate solution in tlie 
calorimeter. 

Using the values of H and H' the value of :c can be 
calculated from 


4H = 4r(H~H')- 


3 a/; 

0*20* +0 3* 


2. Heat of Solution, Dilution, and Hydration 

The heat of solution is the quantity of heat absorbed 
or evolved when one gram molecule of a substance 
is dissolved in a definite number of gram molecules, 
which must be stated, of water or some other solvent. 
The determination of the heat of solution is carried out 
in a calorimeter in the same way as the heat changes 
inoasured in the foregoing experiments. It is important 
in expressing heats of solution to state the exact condi- 
tion of the solid substance, i e. wdiether it contains water 
of crystallisation or not, for the heats of solution are very 
different in the two cases. 

The heat of dilution is the quantity of heat evolved or 
absorbed when a solution of one grain molecule of a sub- 
stance dissolved in a known amount of water, or other 
solvent, IS diluted by a further known quantity of that 
solvent. The experimental results are expressed thus : 

(NaCllOAq, 400Aq)= -071 Cal., 
which means that one gram molecule of sodium chloride, 
dissolved in ten gram molecules of water, ahsoibs 0 71 
s.o IT. H 
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large calories when diluted with 400 gram molecules of 
water. 

The heat of hydration is the quantity of heat evolved 
or absorbed when a gram molecule of an anhydrous salt 
combines with sufficient water to form its crystalline 
hydrate , it is expressed thus * 

(Sr0l2,6H2O)=32 97 CaL 

Obviously when a given salt forms several crystalline 
hydrates, there will be just so many heats of hydration 
as there are hydrates. These are distinguished by the 
method of expressing them , thus we have in the case of 
sodium hydrogen phosphate the following six heats of 
hydration . 

6-03 Cal.=(Na2HPO„ 2H2O). 

17*28 CaL^CNagHPO^, 7H2O). 

28*47 Cal.=(Na2HP04,12H20). 

11*25 0al. = (Na2HPO42H2O, SH^O). 

11*19 0al.-(Na2HPO47H2O, 

22 44 Cal. = (Na2HP042H20, lOHgO). 

It wdll be clear from the above figures that the heat 
evolved in the addition of each molecule of water is not 
the same. The method of determining the heat of hydra- 
tion is to determine the heat of solution of the anhydrous 
and the hydrated salt, when the difference between the 
two values is the heat of hydration, thus : 

(NagHPO^, Aq-Na2HP04l2H20, Aq) 

^(NaaHPO^, I2H2O). 


Experiments 

(i) Detm^ine the Heat of Sohdion of Potassium 
Nitrate in Water, Place 540 c.c. of distilled water 
in the calorimeter; this volume corresponds relatively 
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with 200 gi*am molecules of water out 1^)15 

grams of finely-powdered potassium nitiate* iii a thiu- 
walled previously weighed glass tube, seal up the 
tube, and weigh the piece of glass drawn off, so that 
the weight of the glass enclosing the salt is kiK‘wn. 
Place the tube containing the salt in the cahn-imeter. 
Wlien the tube has taken on the temperature of the 
water in the calorimeter, i,e in about ten ininute«‘, begin 
to record the temperature, as deacril^od in the eariiLi* 
experiments. Then break the glass bulb, stir rapidly to 
dissolve the nitre, and record ilie teinpnMtiire again 
The success of this experiment dep(‘n(Ls upon tlie rapid 
solution of the nitre. Lot be the coi reeled initial 
temperature, the final temperature, W the water equi- 
valent of the calorimeter, stirrer and tlierinoiueter, ir the 
weight of the glass bulb, w' tlie weight of tlu‘ puta«sium 
nitrate, m its molecular w’eight, s the specific lieat of th#* 
solution, and cl its density. Then H, the heat of solution 
of a molecular weight, is given by 

H = <Zs+W+ 

^Z=l OIG, s= 0*1366, Jind ^3, the specific heat of glass, may 
he taken as 0*16 The value of H then gives Aq I 

This experiment may be repeated, using potassinm 
chloride, anhydrous calcium chloiide or potassium iodide. 

(ii) Determine the Heat of Dilution of Aninnonntn 
Nitrate Solution of carious strentflhs Make a solution 
of ammonium nitrate by dissolving ICO grams of the 
anhydrous salt in 180 gi*ams of water. 141T ee. of this 
solution will contain one gram molecule of ammoniuiii 
nitrate. Place a known volume of this solution, say 
141 1 cc , m a flask which has been previously moisteiUMl 
with the solution Place 3U0 grams of water, le, 20 
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gram molecules, in the calorimeter, record the tempera- 
tures of both solution and water, and then mix and 
record the final temperature. 

If \ is the initial temperature of the ammonium 
nitrate solution, that of the water, the tempera- 
ture after mixing, W the water value of the calorimeter, 
d the density of the diluted ammonium nitrate solution, 
and its specific heat, then 

H = 1 X cZ X s(«s-ii)+360 X (Z X <^ 8 -^ 2 )+ W(VZ 2 )] 

Repeat the experiment for the addition of 50, 100, and 
200 molecules of water, starting in each case with a 
suitable quantity of the solution made up above, 
which is NH^NOgoHgO The values of s and d for the 


"arious dilutions are given in the table. 

Dilution. 

s 

d. 

201 I 2 O, 

0-865 

1074 

NH 4 NO 36 H 2 O+ SOHaO, 

0 932 

1033 

NHjNOjDHp + lOOHjO, 

0 962 

1*018 

NHiNO j5Hp + 20011 A 

0 98X 

1*009 


Further experiments may be carried out with caustic 
potash, for which the following values of 8 and d may 
be used : 


Dilution 

8 . 

d. 

KOH+ 30HA 

0 876 

1088 

KOH+ SOH 3 O, 

0 016 

1 055 

KOH+IOOHA 

0 954 

1028 

Kon+soonp, 

0 975 

1014 
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(iii) Determine the llrut of Hydridmi) of r 

Hidphafe. Weigli oui 15 9 gi*ams of copjx*:* 

sulphate, seal it in a tliiii-^valltMl tube, and <k*tei*iuiue tla,* 
heat of solution in 200 iiioleculoH of water us in the kht 
experiment. Then wei'fh out 249 grams of iinely- 
powdered crystallised copper sulphate, CiiSO^oH/). and 
determine the heat of solution in 195 molecules ot water 
The difference between these two heat (piautities will 
give the value of (CUSO 4 , 511.^0) The value of 

(CuSO^.Hp) and (CuSOJI/), 4IU')) 

may also be obtained by determining the Iieatcd solution 
of IT 7 grams of the inonohydrated salt If the various 
thermal changes are expressed thus 

(OUSO 4 , Aq) = , (CURO 4 H/ ), Aq) = H" ; 

(CuS045Hp,Aq)=:H'\ 

Then 

(H'-h"0=(CuSO„ 5 H 3 O); (h'-h")=(CuS04,H20), 
and (H" - H'") = (CuSO^HoO, 4HP). 

The hydrate CuS 04 Hjj 0 may be obtained by weighing: 
out a quantity of finely-powdered UUSO 45 H 2 O, and heat- 
ing it at 100 ® until it has lost the requisite amount of 
water. 


3, Heat of Formation 

The heat of formation is the quantity of heat, evolved 
or absorbed, wdien one gram molecule of a substance is 
formed from its elements. This can rarely be deter- 
mined directly, but since the total heat change is the 
same in any reaction, whether it is carried out in one 
stage or a series of stages, the heat of formation may 
always be calculated. As an example of this, we may 
take the heat of formation of cupric chloride as deter- 
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mined by Thomsen Since copper does not dissolve in 
hydrochloric acid, the obvious method of dissolving the 
metal in hydrochloric acid is not possible Thomsen 
decomposed copper sulphate solution with iron thus : 

CuSO.Aq+Fe-FcSO^Aq+Cu + ST M Cal., 
which of course means that 

(Fe, 0, SOaAq) - (Cu, 0. S 03 Aq) = 37 24 Cal 

The heat of formation of ferious sulphate in water, i.e 
(Fe, 0, SOjAq), had lieon previously determined and 
found to be 93 2 Cal. 

Hence 

(Cu, 0, SO^Aq) = 93 2 - 37 24 = 55-96 Cal. 

The heat of solution of copper oxide in dilute sulphuric 
acid, i e (CuO, HOM) =1^8 Cal. 

Hence 

(Cu, 0, SO^Aq) - (CuO, SOgAq) = (Cu, 0), 
i.e. 55 96 - 18 8 = 3716 Cal. 

If, now, cupric oxide is dissolved in dilute hydrochloric 
acid we have 

Gu0+2HClAq=CuCl2Aq+H20+15 27 Cal. 
Writing this as a thermal equation we have 

(Cu, 0)+ 2(H, Cl, Aq)+ 15-27 -- (H^, 0) = Cu, Ol^, Aq), 
and substituting the known values we get 

37T6 + 76-64 + 1 5*27 - 68 36 = (Cu, Olg, Aq), 
ie, (Cu,Cl 2 ,Aq)= 62-71 Cal. 

The heat of solution of cupric chloiide is 
(OuCl 2 ,Aq) = 1108. 

Hence (Cu, Clg) = (Cu, Clg, Aq) - (CuCIg , Aq) 

= 62-71 - 1108 =61-63. 
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Experiment 

Detmnivc thcHeut of Fimtiofion nf C^Jor>*J^ 

from its Elements The following <hila an* uoe‘>^ury 
for the calculation of the heat of foniuitioii of ho'Muia 
chloride 

(i) Heat of formation of a solution of caustic so<la, 

(Na, ( ), H, Ai| ) 

(ii) Heat of neutralisation of a solutiou of caustic ^o<ia 
by a solution of hydiochloric acid, f e. 

(NaOHA(i,HClA4^ 

(hi) The heat of solution of sodium chloride 
(NaCl, A(j[). 

(iv) The heat of formation of water, ij\ , 0). 

(v) The heat of formation of hydrochloric acid solution, 

le. (H,Cl,Aq). 

Of these five quantities we must take thost^ under 
headings (i), (iv), and (v) as known. 

Determine the heat of neutralisation of hydroehloiie 
acid by caustic soda, and the heat of solution of sodium 
chloride as described in the previous experiments. Cal- 
culate the values of these quantities by the mechuds 
already indicated. 

Let A = (Na0HAq,H01Aq) and (NaCl, A<(\ 

Then HClAq+Na0HAq=NaClAq+H20-f/i, 
or 

(Na, 0, H, Aq)-h(H, Cl, Aq)-hA = (Na, 01. Aq)-KlL, O ), 

putting in the known values, (Na, 0, H,x\.q)= ill SI , 

(H,Cl,Aq)=39 316, and (Hg, 0) = 

we get 111*81 +39*315 4- A =(Na, 01, Aq)+(JS*3. 
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Hence (N a, Cl, Aq) = Ih + 82 825. 

Fuitlier, 

(Na, Cl, Aq) - (NaCl, Ac]) = (Na, Cl), 
ie. A+82 825 - h\ =(N’a,Cl). 

Heat of Combustion 

Reactions with organic substances proceed so slowly as 
a rule, and are complicated by so many side reactions, that 
it is impossible to determine the heat of formation or, 
indeed, the heat change of any organic reaction, directly. 
There is, however, one change which always goes directly 
and quickly, viz. the combustion of an organic substance 
in excess of oxygen. The heat generated hy the complete 
combustion of one gram molecule of an organic substance 
is termed the heat of combustion, and since the heats of 
formation of the products of combustion, viz water and 
carbon-dioxide, are known, it follows that the heats of 
formation of organic substances can be calculated from 
their heats of combustion. Thus, for example, the heat of 
combustion of alcohol is 340 53 Cal., 

i.e. OoH,0 + 302=2C02+3H20 + 340 53 Cal.; 

expressing this as a thermochemical equation 

(C3,He,0)+(CA0:60) = 2 (C, 03 ) + 3(113,0), 

i.e. (Cg, Eg, 0)+ 340-53 = 2 x 96 96 + 3 x 08 36, 

or, putting this into words, the sum of the heat of 
formation of alcohol from its elements and the heat of 
its combustion is equal to the sum of the heats of formation 
of the products from their elements. Hence the heat of 
formation of alcohol from its elements is 

(Og, He, 0)= 68*47 Cal. 
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This Milue is for constant prc^sun*, hut fn qn- ut*\ Ui 
gaseous volume oE the coinjHmiul is h‘s^ tl an timt nf th** 
elements fiom which it is foimed Thus llie :;raui n nl* - 
culc of alcohol has a gaseous volume, wh*m t<) 

normal conditions, of 224 litios, hut llse hythigeii and 
oxygen from which it is formed occupy 3 o x 224 hires 
at O" and 700 iiiin Hence lu the fonuation tle‘ix is u 
diminution in voluim* of 2*) x 22 4 Htr* ^ nr 2 " niMX.'uaii 
volumes Now, for each inolocular \ ulimie Jecicase there 
IS an evolution of 0 343 ( \‘il 
at 0°, ic OoSO Cal at IS'. X 

Ileiicc, if 0 380x25 Cal 
be subli acted from the heat 
of formation at constant 
piessure wo shall got tlio 
heat of formation at con- 
stant volume, Le, 

5847-145 = 57 02 Cal. 

Method of Determination 
of Heat Combustion 

The heat of combustion 
is determined in a calori- 
metric bomb This consists 
of a strong steel vessel, A 
(Fig 51), fitted with a lid, 

B, which screws on and is 
lined with platinum. The 
vessel itself is lined either 
with platinum or enamel. 

The lid of the bomb is 
pierced by two right-angled holes, a and K Through a 
the bomb is filled with oxygen, and b is used for releasing 


m 



Fia 51. 
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tlie pressure after the experiment. These holes are closed 
by screw-valves, c and d The opening a is continued by 
a fine platinum tube e, which supports a platinum crucible, 
C, \\here the combustion takes place Two terminals, 
T, T, are connected with a thin piece of iron wire, by 
means of the platinum tube e and a platinum wire f. 
The iron wire can be raised to a red heat by an electric 
current, and thus ignites the substance in the crucible C. 
Two screws, 6‘, s, fit into the side channels in the lid , they 
are inserted to keep water out of the holes when the 
bomb is immersed in the calorimeter. The calorimeter 
in which the determinations are made is essentially the 
same as that already described , it has, however, only one 
inner vessel, surrounded by a double- walled vessel filled 
with water. It is advisable in these determinations to 
work the stirrers by means of a small electric motor. 
The bomb is placed in the inside vessel of the calori- 
meter and immersed in water up to the screws, s,s. The 
temperature changes are recorded by means of Beckmann 
thermometers. 

The water value of the calorimeter, bomb, stirrers, and 
thermometer must be determined before an experiment 
is made This may be efiected by the method described 
in Chapter XIII., Part L, but it is preferable and more 
accurate to determine it by burning a known weight of 
a substance of known heat of combustion in the 
apparatus, and calculating from the observed temperature 
change. 

The following description applies equally to the deter- 
mination of the water equivalent of the calorimeter and 
accessories, and the heat of combustion of an organic 
substance In the former case the heat of combustion 
of the substance used must be known, and in the latter 
case the water value must be known. 
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To determine the water equiv^alent, wei<ijh out about 
0 7 gram o£ ti snbbtanee of known lit at of coiiil*u^tiMn, 
eg naphthalene, (’oiiipiebs it into a tablet, and place it 
in the ciucible, C Attach a ph‘ce of thin iron wire, 
6-7 cm long and 0 1 mm diameter, wound in a spiral to 
the tube, e, and the wiie, / Depress the wire until it 
touches the substance in the crucible. Smear the sciew 
of the hd and its leaden washer with vaseline, and screw 
the top tightly into position Connect an oxygen cylinder, 
with pressure gauge attached, to the opening, close 
the valve, cZ, and open c and allow tht‘ bomb to fill with 
oxygen until the piessure is 20-25 atmospheres. Then 
close e, remove the cylinder, and replace the screw, 
Examine the joints of the bomb for leakage , if there is 
none the bomb may be placed in the calorimeter, wliieh 
contains a weighed quantity of water “Set” a Beck- 
mann thermometer so that it reads about 2® when placed 
inside the calorimeter. The great source of crior in the 
determination of the heat of combustion lies in the loss 
of heat by radiation This can be minimised by arrang- 
ing that the temperature of the water in the calui mieter 
shall be just as much below the temperatuie of the air 
space before the experiment as it will be above it after 
the experiment This should be about 1*5° if a correct 
amount of substance has been taken C’onnect the ter- 
minals, T, T, with a batteiy of 5-6 accumulators with a 
key in circuit, attach the stirrers to the mechanical 
apparatus for working them, put on the cahu*imeter 
covers, and insert the thermometer Start the stirrers 
working at the rate of about forty strokes per minute, 
and after about ten minutes commence reading the tem- 
perature every minute for about ten minutes. Close the 
electric cii*cuit, noting the time exactly- The iron wdre 
will thereby be raised to incandescence, and will ignite 
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the substance in the crucible The temperature of the 
water in the calorimeter will now commence to rise 
rapidly, take loadings every minute, and note especially 
the highest temperature recorded; then take readings 
every minute for about ten minutes to obtain the rate 
of cooling due to radiation. The bomb must now be 
removed from the caloiimoter and emptied; this is done 
by removing the screw, s, and opening the valve, cZ, when 
all the gas escapes The top may now be removed, and 
the bomb washed out Any iron whicli has remained 
unburnt must bo removed and weighed, and its weight 
subtracted from the weiglit of iron taken. The corrected 
temperatures are obtained by the method already de- 
scribed- The initial temperature is always obtained in 
this way, but the final temperature may be obtained in 
another manner. If T bo the end temperature, the 
highest temperature reached during the experiment, S 
the average change in temperature per minute in the 
measured period preceding the experiment, S' in the 
measured period after the highest temperature has been 
reached, and n the time, in minutes, which elapses 
between the closing of the circuit and the reaching of 
the highest temperature, then 


T = TA + 7ld' 


S'+S 

2 ‘ 


Method of Calculation 

(a) The water equivalent of the calorimeter and other 
apparatus. Let W be the water equivalent of the 
apparatus, w the weight of water in the calorimeter, 
v/ the weight of naphthalene burnt, ^02 the weight of 
iron wire actually burnt, the coiTected initial tem- 
perature, and T the corrected final temperature. Then 
the apparatus and w grams of water have been raised 
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(T-Tj)® by the combustion of V)' gi-aius of naplitluilene 
and W 2 grams of iron wii'e. The lieat of eoinbustion of 
naphthalene is 9693 small calories per gram, and that of 
iron is 1600 small calories per gram. Hence the total 
heat evolved during the experiment is 

w' X 9693 + lOj X 1600 cal, 

and this has raised the apparatus and iv grams of water 
(T— t')“ Now 9693to'+1000M'2 calories wonl<l raise 


1600m„+9093iri 


grams of water ('T— T')®. 


^VvtLCJL VI I 

This factor contains tlxo weight of water and tht* water 


to which the apparatus is equivalent, i,c the wat<*r value. 


Hence 


l(j()0itJo + 9693?p' 
T— T' 




(b) The limt of combioMion. iv grams ot water and 
the apparatus have been raised (T— T'/ hy the burning 
of w' grams of the substance and grams of iron. Ihe 
quantity of heat necessary to i aiso the api>aratus and the 
water (T— T')® is given by 

(^(;+W)(T-T') calories; 

of this quantity liiOO has been furnished by tlu» burn- 
ing of the iron wire Hence 

(u’ + W)(T- T') - 1 600 n\2 

represents the heat produced by the burning of v*' grams 
of the substance. If M is the iiioleciilar weight, then 

where H is the heat of combustion. 


Experiment 

jDetermme the Heat of Comhusfion and the Heat of 
Formation of Benzoic Acid. Weigh out about 1 gram 
of beiiJsoic acid for this experiment, carry out the 
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experiment exactly as dcvscribed in the foregoing. After 
the experiment has been completed a precautionary 
observation ouglit to be made to ascertain that tlie 
combustion has been complete. Incomplete combustion 
•would entail either the formation of free carbon or 
carbon monoxide. The presence of the minutest trace 
of carbon-monoxide can be detected by allowing the 
escaping gases to pass slowly through a solution of 
palladous chloride, which will be reduced with the for- 
mation of a black precipitate of metallic palladium by 
carbon -monoxide The presence of unburnt carbon will 
be obvious when the apparatus is opened. The oxygen 
supplied to laboratories always contains nitrogen, and 
during the combustion some of this will be converted 
into nitric acid, which, of course, gives rise to a certain 
amount of heat. In very accurate determinations the 
quantity of nitric acid is estimated by washing out the 
bomb witli water, boiling the solution to expel carbon- 
dioxide, and titrating. One gram molecular weight of 
aqueous nitric acid gives rise to '14<'3 Cal. when it is 
formed Hence the amount of heat due to this cause 
can be calculated and deducted from the total quantity 
of heat. If H be the number of large calories evolved 
by the combustion of iv grams of benzoic acid, and M the 
molecular weight of benzoic acid, then 

M 

H gives the heat of combustion. 

The heat of formation is found thus : 

C.H^COOH -f 150 = 7 CO 2 + SILO. 

(C^, H„, 0.,)+^[I=7x 96 96+3 x 68-36, 

i e. (Cj.H,,. 0,)=7 X 96 96+3 X 68-86- -H. 

w 



CHAPTER IX 


TRANSITION TEMPERATURES 

Pure substances undoigo physical cluin^’es at certain 
cleliiiite temperatures which are characteiistic of the 
substance and change in question Tims, for example, 
we have boiling and freezing points, the temperatures 
at which a liquid changes to the gase<uis and solid 
conditions. In addition to the boiling point ami freez- 
ing point there are other equally dehnite temperatures 
at which definite physical changes take place, e.y the 
temperature at which rhombic sulphur changes to moiio- 
cliinc sulphur, and the temperature at which the red 
variety of mercuric iodide changes to the yellow variety. 
These temperatures are known as the transition points 
or transition temperatures. Just as at the freezing point 
of a substance solid and litpiid are in stable equili- 
brium with one another, so at the transition tempera- 
ture the two forms are in stable e(|uilil)riiim. Not only 
are there transition temperatures in the ease of poly- 
morphous siihstances, but they aie also found in the ease 
of all hydrated salts. Thus it is found that a given 
hydrate is stable only between detinite limits of tem- 
perature, above the higher limit the anhydr<ais salt, or 
maybe a lower hydrate, is stable, whilst below the lower 
limit a higher Iiydrate is stable, the hydrate in question 
being stable between the limits. The temperature at 



192 


PHYSICAL CHEMISTEY 


wliicli one hydrate passes into another or into the 
anhydrous salt constitutes a transition temperature which 
is equally detinite, and as has been shown in Chapter IL, 
Part I , may be used as a known fixed temperature in 
calibrating thermometeis. Tlio physical properties of 
the two substances, in equilibrium at the transition 
point, difiei from one another, and use is made of this 

difference to determine the exact 
temperature of the change. 

The methods for determining 
the transition point may be 
classified under the following 
headings: (1) Dilatometric, (2) 
Tensimetric, (3) Solubility, (4) 
Thermoinetric, (5) Electro-con- 
ductivity, (6) Electromotive 
force, (7) Viscosity, and (8) 
Optical methods These will 
now be considered in the above 
order. 

1. Dilatometric Method, 
^ Many substances undergo a 
change of volume when passing 
j u from one form to another; 

* * hence if the temperature at 

which the volume change occurs 
is determined it will constitute a determination of the 
transition temperature. The apparatus employed for 
the determination of the transition temperature by 
this method is known as a dilatometer. It consists of 
an elongated bulb A (Fig. 52), of about 30-40 cc 
capacity A long capillary tube B, about 0 5 mm. 
dianiet(*r, is attached to the bulb and the other end of 
the bulb is open. The bulb is almost tilled with the 


/ 

/N 

D 
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If*:' 


substance whoso transition point is 1>* ♦I-tt rn : 1 

and the open end C sealed of£ Tlie air is reni* *\ » d ii\ >:ii 
the bulb, and the interstices between the particit- **{ tv; 
substance filled with some liquid which does in»t dK> >W»^ 
ill the substance under investigation, but \^}iieh hi,*y 
dissolve a little of it, since this will accelerate 
change at the transition point. Sufficient liquid mii>t 
be present to just enter the bottom of the capil^uy 
tube The dilatometer, when tilled, conhtitutes a lar' « 
thermometer. An opal millimetre scale is fiistem-d t,, 
the back of the capillary and the bulb immers*'il :n a 
batli at constant temperature. After the bulb has taken 
on the temperature of the bath, the height of tlie liquid 
in the capillary and the temperature are notiJ. Tl.*- 
temperature of the bath is then slowly raised one deu"i*»''‘e 
and the height of the lii^uid in the capillary again 
noted. This operation is repeated degree by degree for 
several degrees until the transition has taken place. Si » 
long as the transition of one form into the (.)ther ha^ 
not taken place the liquid will rise regularly in the 
capillary tube for equal increments of temperature, but 
at the moment transition takes place, a very much 
larger rise will be observed if the original substance i.s 
denser than the substance into which it is changing. If 
the original substance is less dense then a decreased ris*' 
will be observed. After the transition has taken place 
the rate of rise in the capillary will again become 
regular for equal increments of temperature. On allow- 
ing the dilatometer to cool down again the same changes 
will take place in the reverse order. If now the heights 
of the liquid in the capillary are plotted as ordinate'^ 
against the temperatures as abscissae a curve system 
as depicted in Fig. 53 will be obtained. The two curves 
ABODE and ABFDE should theoretically be coincident ; 

S.C. II. N 
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the reason, that they are not, is, that a lag occurs in the 
transition, i e. it does not take place instantaneously at 
the transition temperature, but at a temperature slightly 
above the true transition point in the heating curve, 
and at a tempera tuie slightly below in the cooling 
curve Thti mean, therefore, of the points C and F will 
give the tiansition temperature. The points C and F 
may be brought nearer together by raising the tempera- 
ture very slowly in the neighbouihood of the transition 
point. The dilatometer may be used in another manner. 



If a mixture of the two forms of a substance is placed 
in a dilatometer at the transition temperature, the height 
of the liquid in the capillary will remain constant no 
matter how long the bulb is kept at that temperature 
If, however, the temperature is lowered or raised ever 
so little, one of the forms will pass over into the other 
and a change of volume will take place The method, 
therefore, is to find approximately the transition tem- 
perature, and then to place a dilatometer containing 
both forms of the substance under investigation in a 
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bath somewhere about that temperature Atu*r a!* 

16 minutes the height of the liquid is ii'anb and tl ‘i 
after 15 minutes more it is again noted to see v leather It 
is rising or falling If a contraction takes plate, ili4 
temperature is changed until an expansion take> j.'aet 
Two temperatures arc thus oldmncd betWLt*n uLich li.e 
transition temperature lies Then hy car«‘i.‘»il iv^uliiti* ii 
of the temperature of the thermostat these t\\(» poiia^ 
are brought closer together until linally a tompt-.riuv 
is reached at which neither expansion nor \ 

occurs. This is the transition leinp(*rature. 

Expeuimexts 

(i) Determine the Transition Teiniyratiuo fur Atil 
droits Sodium Sulj)hate and the DeeuliifJ Fill a 
dilatometer with powdered Glauber’s salt. This is dont- 
by inverting the dilatometer and placing a glass bead at 
the joint of the capillary tube and the bullx to prevent 
the capillary being filled with the powdered ^alt Then 
add sufficient of the salt to three-quarters till the bull) 
Fuse off the end C, and, when the glass is cold shake 
down the salt. Attach a glass adapter, D ^Fig. 62), to the 
dilatometer by means of a rubier stopper. Fill the 
adapter with petroleum, attach the tube/ to a \\ ater pump, 
and exhaust the dilatometer. After all the air pos-iLle 
has been extracted from the bulb remove the pump con- 
nection from /, when the petroleum will be force<l into 
the bulb. Repeat the process as long as any air bnbbh*s 
remain in the dilatometer. Then withdraw the petro- 
leum from the capillary by inserting a tine capillary 
tube and connecting it to the pump. If the dilatometer 
is correctly filled the petroleum should stand at the 
bottom of the scale. Place the bulb of the dilatometer 
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m a theimostat at 28°. A large beaker of water heated 
by a small flame will serve as a thermostat in this experi- 
ment When the bulb has taken on the temperature of 
the bath, ie, in about ten minutes, note the height of 
the meniscus and the temperature of the bath. Raise 
the temperature one degree , this should be done slowly, 
about ten minutes being taken for the change ; keep the 
temperature constant for about five minutes, and then 
read both temperature and the height of the meniscus. 
Proceed in the same way degree by degree to 35° or 36°. 
It will be noticed that at about 33° the meniscus will rise 
much more for one degree increase of temperature than 
at the other temperatures. Let the bath cool slowly, 
and make measurements every degiee as before down to 
28°. Plot the measurements as described above, and 
deduce the transition temperature from them. 

(ii) Determine the TransiHooi Tem 2 oeTat'wre of Astra- 
hanite and a Mixture of Qlatober's Salt and Hepta- 
hydrated Magnesimti Sulphate, Astrakanite is a double 
sulphate of magnesium and sodium which is only stable 
above 21°. Below this tempeiature it splits up in the 
presence of water into Glauber^s salt and hydrated 
magnesium sulphate thus, 

NaaSO^lOH^O + MgSO^r HgO 

J MgS0,Na2S044H20 + UUfi, 

Make a mixture of equimoleeular quantities of Glau- 
ber's salt and crystallised magnesium sulphate ; powder 
the salts separately, and then mix them by stirring with 
a glass rod. Place the mixture in a dilatometer, fill 
with petroleum as before, and place in a thermostat 
at 16°; slowly raise the temperature degree by degree 
to 25°, notii^ the temperature and height of the meniscus 
at each point. At 21°— 22° the mixture will partially 
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litj[ucfy, and here an increased rise of ni* iiiv lu * ' 
capillary tube will be observed Now cool ti ♦> 
stat slowly back to 10°, taking readings as p’. - 

the values, and from the cur\t\s deduce the :* 

point. 

As a further experiment the eluuu** ‘ 
aumiouium racemate into a mixtur<* of dt‘Xtr * .tn : 
laevo tartrates may bo deteimmed. Tin- j-hit 11.*- 
about 2(S^ 

2. Tensimetric Methot^ 


Two substances which clumgi* 
into one another by raising 
or lowering the temperature 
are in equilibrium in all J 
respects at the transition tem- 
perature If the substances 
possess a measurable vapour 
pressuic this property may be 
used to determine the transi- 
tion point. Measurements of 
this kind are carried out in a 
tensiuieter or clitfereutial pres- 
sure gauge. The instrument 
generally adopted is the 
Brenier-Frowein tensimeter 
This consists of a U-tube A 
(Fig 54), the limbs of which 
are about 30 ems long, and 



Fiu 04. 


are bent together as indicated in the diagram. The 
limbs of the U-tuhe are bent apart at the top and two 


bulbs, a and 6, are blown in them; above the biillis two 


small flasks, /, /, are attached. The substances \\ liosc 
vapour pressures are to be compared or measuivd arc 
placed one in each of these flasks and the necks sealctl 
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off. Then the manometer is filled with a suitable non- 
volatile liquid, eg a-bromnaphthalene serves excellently, 
and the apparatus laid horizontally so that the mano- 
meter liquid runs into the bulbs a and h The open 
end, /i, is then attached to a mercury pump, the 
apparatus exhausted, and the end h sealed. The appa- 
ratus is then placed in 
a vertical position, and 
after standing at con- 
stant temperature for 
some time the difier- 
ence in height of the 
meniscus in the two 
limbs of the manometer 
gives the difference in 
pressure between the 
two substances in milli- 
metres of a-bromnaph- 
thalene It will be 
obvious that by placing 
concentrated sulphuric 
acid in one of the flasks 
the vapour pressure of 
the substance in tlie 
other flask can be 
determined directly. 

Another method, due 
to Cumming {J,G,8., 
1909, 95, 1772), may 
be used to determine 
the transition point of 
hydrates by measurement of vapour pressure. The 
apparatus consists of a strong wdde-necked glass bottle, 
A (Fig. 55), about 750 cc. capacity, closed with a well 
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fitting stopper, S, wliidi carries a highly jhiiMi. .1 
cylinder, D, 10 cm. long and 2 cm diameter, and a 
tube, C, fitted with a stopcock, T. The siher cyim^hr 
closed by a cork which camos two tubes, n and ^ uini ** 
thermometer, graduated in tenth-degrees Th** ineth d 
consists in placing a solution or hydrate in the b tt:i\ 
and evacuating as completclj’ as possible by means c»f d 
water pump Tho apparatus is then placed in a ther- 
mostat, and allowed to remain there fiir seM-ral bour^ 
The vapour pressure is tlien determined by meusuriig 
tho dew point. This is done by placing a ipuiitity nf 
ether in the silver tube and slowly blowing a eiin*ent oi 
air through it until condensation of water takes pla-e on 
tho silver tube. Tho teuiperatuie at which this oeeui'^ i** 
noted by tlie themometer, t The air eunvnt is th* n 
either stopped or reduced very much, when the iciupein- 
turo o£ the silver tube slowly lises and tho tiha »»£ 
moisture disappeai’s from tho silver tube. The teiii- 
pei'aturo at which this last trace \aQislies is read, anti 
the mean of tlie two temperatures, which diuuld not 
diflfer by more than 0*2®, gives the dew pfdiii. The dew 
point 18 the temperature at which the air is just satuiated 
with aqueous vapour, tlie vapour pressure of water at 
fill ft temperature can he found from tables (Table ML, 
Appendix), and is obviously the vapoui* tension of the 
solution or hydrate at tlie temperature of the thermostat 

ExPKBDiEirrs 

(i) Determn/ne the Transition Temperature of Ola ah r s 
Salt a/nd A'nhydwus Sodium Sidphufe. Fill one of the 
flasks of a tensimeter with dry powdered GUuVt s ‘^It 
crystals and the other with the crystals and a few drop> 
of a saturated solution of tho salt. Then exlniust the 
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instrument and seal it up. Stand it vertically in a 
theimostat at 29°, and when the position of the liquid in 
the manometer has become constant read oflF the differ- 
ence of the levels of the two limbs of the manometer and 
the temperature. Change the temperature of the hath 
by slightly altering the thermo regulator, and when the 
temperatui*e and height of the manometer liquid have 
agam become constant take the readings. This process 
may take from 2-3 hours Repeat the process, taking 
care not to increase the temperature by more than 1° at 
a time. Tlie difference in level will become less and loss 
until finally it is zero. The temperature at which this 
occurs IS the transition temperatuie. 

(ii) Rfpeciit the above Experiment, using the Gumming 
Method Determine the vapour pressure of solid Glauber’s 
salt at a series of temperatures from 25® to 35°, and also 
for a saturated solution of Glauber’s salt in the presence 
of some crystals. Plot the values of the vapour pressure 
as ordinates against the temperature as abscissae. The 
curves will intersect at the transition temperature, for at 
the transition temperature Glauber’s salt crystals must be 
in equilibrium with a saturated solution which contains 
both anhydrous salt and deca-hydrate. 

3. Sduhility Method. At the transition temperature 
two substances which are in equilibnum with one another, 
and pass into one another on clianging the temperature, 
have the same solubility. Hence if the solubility of the 
two substances be determined at a series of temperatures 
and solubility curves drawn, it will be found that they 
will cut when produced. The temperature at which the 
cun'es cut will be that of equal solubility, i.e. the tran- 
sition temperatui-e. 
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EXPEUnihST 

Determine the Transition Tem^rrmH^' 

Salt and Anhydrous Sodium Sulphntr hy ftii> Solnttif'^ii 
Method. Place al)Ovit 200 cc of water ami IHO givims nf 
finely-powdered Glaul)er’s salt in a 250 ec xt'ippeivd 
bottle, cover the stopper and the neck of tlie hultlr with 
a lubber cap, and shake in a thermostat at 25 for cue 
hour. Allow the solid to settle, remove about 10 c e of 
the solution, transfer to a tared, stoppered, weij>hine 
bottle, and weigh to the nearest milligram. Tran‘>fei the 
solution to a weighed platinum dish and caivfully eva- 
porate off the water, diy at 120° till of constant weight, 
and weigh the anhydrous sodium sulphate Shake again 
for half an hour, and redetermine the solubility. E«‘p,.at 
the process, if necessary, until the solution is saturated. 
Calculate the solubility in grams anhydrous salt per 
100 ec. of water. Now raise the temperature of the 
thermostat to 28° and redetermine the solubility; add 
more water or Glauber’s salt if necessary. Make further 
determinations at 30°, 32°, S'!”, 40°, and 45°. Plot the 
solubilities as ordinates and the temperatures as absci-sssae. 
and draw a curve. It will be found that the cuiwe 
breaks about 32°. To hnd the exact transition tem- 
perature, produce the curve made by joining the points 
below the break and also that made by joining the points 
above the break. Tire point of intersection will give the 
transition temperature. Notice the sohd at the bottom 
of the bottle at each temperature, it will be found that 
below 32" the decahydrato is the compound present, and 
that at 34° and above the anhydrous salt is the solid in 
equilibrium with the solution This may be verified by 
filtering off the solid at 30° and 34°, drying between 
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filter papers, and estimating the water of crystallisation 
in the usual way, 

4. Thermometric Method. When a solid substance is 
heated the temperature will, in general, increase in a 
perfectly regular manner until the melting point is 
reached At this point the temperature will remain 
constant until the whole of the solid has melted, and 
then it will increase in temperature again in a perfectly 
regular manner The heat added to the substance while 
melting is used up as latent heat to effect the melting. 
The same process is made use of to determine the 
transition temperature. If a substance is slowly heated 
its temperature rises in a perfectly regular manner until 
the transition point is reached, here the temperature 
stops rising until the change is complete and then it 
commences to rise again, or if a substance has been 
heated above its transition temperature and is allowed 
to cool slowly, its temperature will fall at a definite rate 
until the transition temperature is reached, when it 
ceases falling until all the substance has been trans- 
formed and then it commences to fall again in a 
perfectly regular manner. By plotting the rate of 
heating or cooling, i.e the number of degrees per 
minute as ordinates against the temperatures as 
abscissae, a cooling or heating curve will be obtained 
which will exhibit a break at the transition point. 

Experiment 

Detei^mine the Tramihcm Point of Glavher's Salt by 
the Thermometric Method. Place about 50 grams of 
powdered Glauber’s salt in a thin-walled test tube T, 
(Fig. 56), insert a stirrer^ and a thermometer graduated 
in tenth degrees, into the salt. Support the tube T in a 
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large beakei B o£ water, provi<L‘il with a siirrHi* 
a thermometer f. Raise the temperature of thi hath 
to 30®, keep it there for about 30 niinutea and then in A 
the temperatuie of the Glauber’s salt Slowly late th*- 
temperature of the bath to 3fi\ at the rate of ahout 1 in 
10 minutea Read the tem- 
perature of the Glauber a salt 
cveiy minute and keep it 
well stiircd. Then allow the 
beaker of water to slowly 
cool, reading the tomperaturo ^ 
of the Glauber’s salt every 
minute until it reaches 28®. 

It will be noticed that at 
about 32® the rate of heating 
and cooling of the Glauber’s 
salt will be slower than at 
other temperatuies. Plot the 
temperatures as oidmates 
and the times as abscissae, 
diaw the curves, which will 
be of the same nature as 
those in Fig. 53, and deduce 
the transition temperature. 

This experiment may be 
repeated with the double 
chloride of potassium and 
copper, which changes at about 92®, thus: 

2K0i0ucai2H30 kciCuC 1 s+b:gi+ 2H30. 

Here tlie heating should be commenced at 85® and 
continued to 95® 

5. Mectro^ondiictivity Mdliod* It has alicaJy been 
shown that substances at their transition temperature 
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have the same solubility, consequently a saturated 
solution of a salt, which crystallises in two different 
forms, or wdth two different numbers of molecules of 
water of crystallisation, will have the same electro- 
conductivity at the transition temperature irrespective 
of the form of the salt used in the preparation of the 
solution. The method of determination of the transition 
point, therefore, consists simply in measuring the electro- 
conductivity of satm*ated solutions made from each of 
the forms of the substance, or fiom each hydiute, at a 
series of temperatures, and plotting the conductivities 
as ordinates against the temperatures as abscissae. The 
point of intersection of the two curves will be the 
transition temperature 

Experiment 

Determine the Transition Temperature of ike Hexa- 
hydrate and Eeptahydrate of Zinc Sulphate For this 
experiment use conductivity vessels as illustrated in 
Fig 143. Remove the electrodes and place a small quan- 
tity, 10-15 grams, of finely powdered ZnSO^THgO and 
20 C.C. of water in the vessel. Close the tube with a 
rubber stopper, and shake for half an hour in a ther- 
mostat at 25® Measure the conductivity of the solution 
(see Chaper III.). Then raise the temperature of the 
thermostat to 30® and shake again for half an hour and 
remeasure the conductivity. Repeat at 36°, 40°, and 45°. 
Now make a saturated solution of the hexahydx'ate and 
measure its conductivity at 45°, 40°, and 35°. Plot the 
results and deduce the transition temperature as indi- 
cated above. 

Instead of using the electrode vessel, as advised 
above, to make the saturated solutions in, a wide- 
mouthed bottle may be used, and the conductivities 
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determined by means of a dipping electrode (see 
Fig 15) Tlie tempeiatures mentioned above indicate 
tliat the conductivity of both In di*ates may be measured 
in regions -where they are unstable This is possible 
because of the extreme slowness with which the cliaiige 
of one into the other takes place. 

6 Electromotive Force MctlioiL It was shown in 
Chapter VI. that the electromotive force ot a cell, made 
up of two electrodes of the same metal and two con- 
tiguous solutions of the same salt but of ditferent 
concentrations, depends upon the conctaitration of the 
metal ions in the two solutions. Conse(]uently when the 
concentration of the metal ions in both solutions becomes 
the same the cell will have no electromotive force. Two 
solutions of zinc sulphate, saturated at the same tem- 
perature, would therefore possess the same number of 
zinc ions. So also would a saturated solution of the 
heptahydrate of zinc sulphate and the hexahydrate of 
zinc sulphate at the transition temperature, for at this 
temperature their solubilities are the same Hence if a 
cell is made up of a saturated solution of ZnS0^7H^0, 
and a saturated solution of ZnSO^CH^ vvith two zinc 
electrodes, thus, 

Sat. solution Sat. solution [ „ 

ZnSO.rH^O ZuSO^GHp j 

it will have no electromotive force at the transition tem- 
perature, but at every other temperature there will be an 
electromotive force. Below the transition temperature 
the cui-rent will flow from the part of the cell containing 
the heptahydrate to the part containing the hexahydrate, 
and above the transition temperature it will flow in the 
opposite direction. Hence to determine the transition 
temperature it is only necessary to determine the electro- 
motive force of such a cell at a series of temperatures 
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and deduce the point at which the electromotive force 
is zero from these values. 

Experiment 

Determine the Transition Temperature of the Hem- 
hydrate and the Heptaliydrate of Zinc Sulphate This 
experiment is best carried out in a cell shaped as in 
Fig. 57. It consists of an H -shaped tube, the vertical 
limbs, a, 6, of which are about 8 cms. long and 1 5 cms 
diameter, and are joined by a 
narrower tube, c, about 0*4 cm. 
diameter, fitted with a tap, d. 
The electrodes consist of rods of 
amalgamated zinc. Place a solu- 
tion of ZnS047H20, saturated at 
25*, in a, together with a small 
quantity, 3-5 grams, of the finely 
^ powdered crystals; allow the 
solution to fill the side tube up 
to the tap. Fill the other tube, 
6, with a saturated solution, at 
25°, of ZnSO^GHgO and 2-4 
grams of the finely powdered 
crystals in exactly the same way as before. Insert the 
electrodes and take care that the bore of the tap is filled 
with solution Close the tap, and place the apparatus in 
a thermostat at 25°. After half an hour measure the 
electromotive force of the cell to the nearest milli-volt 
(see Chapter VI.). The measurement may be done either 
with the tap open or shut. After measuring, close the 
tap and raise the temperature to 30° ; the cell may be 
shaken from time to time to aid the formation of 
saturated solutions. After half an hour measure the 
electromotive force to the nearest milli-volt, to ensure 
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that the solutions are saturated allow the cell to remain 
fifteen minutes longer at this temperature and measure 
again ; if the solutions were saturated the electromotive 
force will have remained constant. Repeat the process 
at 35®, 40®, and 45°. Call the values of the electromotive 
force obtained at the lower temperatures positive, and 
those obtained after the zero value has been passed 
negative Plot the temperatures as abscissae and the 
electromotive force as ordinates, placing the positive 
values above the temperature axis and the negative 
values below the axis. Join the points on either side of 
the horizontal axis, and produce the curves thus formed 
until they cut the axis, which they will both do at the 
same point. This point is the transition temperature 

7. Viscosity Method. Dunstan and Thole (J.0,8 1908, 
93, 1815 and 1910, 97, 1249) have shown that viscosity 
determinations may be used to fix the transition point 
of a racemate into a mixture of the dextro and laevo 
tartrates. The change may be represented thus : 

(C,Hs 0 eNH 4 Na) 22 H 20 + 6 H 30 = 

OO^HgOeNH.Na, 4H20+O04H80,NH,Na, iH^O. 
The method consists in determining the viscosity of a con- 
centrated solution of sodium ammonium racemate below 
and above the transition temperature, i.e. between 25° 
and 32®, and plotting the viscosities as ordinates against 
the temperature as abscissae. In this way two curves 
are obtained which, produced, will intersect at the 
transition temperature. 

Experiment 

Determine tlie Transition Temperatv/re of Sodium 
Ammomum Racemate. Dissolve 25 grams of sodium 
ammonium racemate in water and make up to 100 c.e., 
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measure its viscosity at 25®, 26°, 27° and 28° and plot s 
curve, then measure the viscosity at 29°, 30°, 31°, 32° 
and 33° and plot a second curve. Produce the curves 
and deduce the transition point as indicated above. For 
the method of determining viscosity, see Chapter IX, 
Pai't I. Use a viscosimeter which has a large time of 
outflow, about 5-6 minutes. This may be obtained by 
lengthening the capillary and taking it of fairly fine 
bore, 15 cms. x 0‘5 mm. is a good size. The bulb should 
have a capacity of 20-25 c.c. Make several determina- 
tions at each temperature and use the mean valua Plot 
the results on a large scale. In this experiment very 
careful work is necessary since the amount of change is 
not very strongly marked. 

8. Optical Methods. Under this heading are included 
those changes which take place with a change of 
crystalline form, colour, or refractive index. Thus 
mercuric iodide changes from vermillion to yellow, a 
diange whose temperature can easily be determined, 
the blue double acetate of copper and calcium, crystallis- 
ing in the quadratic system, changes into green hexagonal 
crystals of copper acetate and white needles of calcium 
acetate. Further, a mixture of ferric chloride and 
potassium chloride in water solution is yellow in colour 
but on warming passes into a double potassium ferric 
chloride thus, 

2K01-l-Fe01s-l-2Hp Z 2K01Fe0l82HA 
the colour changing to red Tlie first two examples 
may be investigated under a microscope fitted with a 
stage which can be heated to any desired temperature. 
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RADIOACTIVITY 

Radioactive substances emit rays, whicb possess the 
power of acting on a photographic plate and of clis> 
charging an eleetiically charged conductor. It is by 
means of these properties that radioactive substances are 
detected, and their changes investigated The photo- 
graphic method is, however, nothing like so sensitive 
as the other, and consequently not much used in the 
exact study of radioactive relationsliips The electrical 
method is extremely sensitive^ and has been used to 
detect substances which are present in quantities far 
smaller than could be detected by the most sensitive 
balance, and which in some cases are of so evanescent a 
character that they exist only for a few seconds. Further, 
it is the method adopted for studying changes m radio- 
active substances which proceed so slowly that millions 
of years are required before an appreciable weight has 
changed, and also changes whicli proceed so quickly that 
a few seconds only are required for the substance under- 
going transformation to entirely disappear. 

Method of Measurement 

Two instruments are employed for making radioactive 
measurements, viz. the electroscope and the electrometer. 
The electrometer is by far the more accurate measuring 
sen o 
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instrument, and, where practicable, will be used in the 
following experiments Hence a description of this 
instrument, together with the precautions necessary in 
its use, will not be out of place The most convenient 
form of electrometer for the present purpose is that due 
to Dolezalek. It consists of four hollow metal quadrants, 
(I (Fig 58), 5-6 cm diameter, supported on amber pillars 
h. The quadrants diagonally opposite are connected, as 
indicated in the diagram The needle, c, is made of silver 
paper, and, supported bj^ a phosphoi -bronze suspension, 



df swings inside the quadrants. The needle suspension 
carries a small concave mirror, by means of which its 
movements can be observed. The instrument is enclosed 
in a well-fitting metal case, provided with a window 
through which the movements of the miiTor can be 
observed. The quadrant pairs are connected to two 
insulated terminals placed outside the metal case. The 
movements of the mirror are best observed by using it 
to reflect the image of a straight filament lamp on to a 
millimetre scale placed about 2 metres away. The 
electrometer must be set up on a rigid slate slab, which 
is not subject to vibrations, and adjusted by the levelling 
screws at the base, so that the quadrants are horizontal. 
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Then the needle is adjusted, so that it lies syuiuietrieally 
between the quadrants, and permanently connected to 
one pole of a battery of 100 volts, tlu‘ other beiu^ 
earthed To test the symmetry of the needle, adjust :h»* 
scale so that the spot of light is at the zero divisiim, 
connect one pair of quadrants to earth, and tht* 
other to the positive pole of an earthed Westnn etdl, 
and note the deflection Then connect the same pair 
of {{uadrants with the negative pole of the same cell, 
and earth the positive pole. The delleclion in this 
case should be the same as before, but on the other side 
of the zero if the needle is hung symmetrically. If this 
IS not so, then the position of the needle must be changed 
until the two deflections are alike The insulation of 
the electrometer should next be tested ; this is done by 
(‘arthing one pair of quadrants, and charging the other 
pair by connecting them for an instant with one pole « d* 
a battery, whilst the othei* ]>ole is earthed. The needle 
will be deflected to a given position, which it will main- 
tain for a very long time if the insulation is perfect, but 
if any part of the insulation is bad the needle will slowly 
swing back to the zero position. The electrometer is so 
sensitive that it is often seriously affected by electrostatic 
charges produced in its neighbourhood. To protect it 
from these it is surrounded by a cage of wire gauze 
inside of which all keys are placed. Tlie cage is eartluH.! 
by connecting it to a water pipe. The front of the cage 
is perforated by an opening opposite the electrometer 
window, and slxould be removable as a whole, to allow of 
adjustments being made to the electrometer. The con- 
necting wires, in all work in which an electrometer is 
used, should be surrounded by metal tubes ; this is best 
done by attaching a wire to a piece of sealing-wax or 
sulphur, drawing the wire thi*ough the metal tube and 
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pulling it tight A second piece of sealing-wax or 
sulphur is then attached to the free end of the wire and 
tube, so that the wire is held centrally in the tube The 
tube must then be earthed. 

A suitable key for alternately connecting the electro- 
meter to earth and to the various testing vessels is 
depicted in Fig. 59. It consists of a metal rod, A, which 
slides in a biass tube, T, supported by an earth-connected 



metal stand, C. The brass rod. A, is sufBciently long to 
make contact with the mercury cup, M , this is made of 
brass and stands on a rod of sealing-wax, S. The electro- 
meter quadrants and the apparatus containing the sub- 
stance to be tested are connected to M, so that when the 
key, which is operated by a string working over a pulley, 
is dropped into the mercury cup, the quadrants and the 
measuring vessel are earthed. The rod A carries two 
stops, t, wliich prevent it moving too far in either direc- 
tion. All connections between the measuring vessels and 
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the (electrometer must be protected iumi (el*.‘otroe>tatie 
disturbances in the manner already indicated. Radiuietn ( 
measurements by the electrical method consist in either 
a direct or relative measurement of the saturation cuirent 
produced by a given radioactive substance. 

The meaning of the term Saturation Current may be 
illustrated in the following way. Suppose we have a 
pair of insulated metal plates, A, B, (Fig (>0\ of wliich A is 
connected to one pair of quadrants of an electrometer 


and the other, B, is connected to one pole of a battery, 
the other pole being earthed If now a radioactive 


substance is placed on B, 
the air between the two 
plates will be ionised, 
this will mean that a 
current will pass from B 



r 


to A, which will charge 


the electrometer quad 
rants and cause a deflec- 
tion of the needle. If 
now the potential on B 
is increased by increasing 
the electroniobive force 






of the battery more current will cross the space 
between A, B, consequently the electrometer quadrants 
will charge up more quickly and the needle will 
move more rapidly. On further inen^asing the electro- 
motive force of tlic battery the needle will move 'with 
increasing rapidity, but only up to a certain point, 
after wliich, no matter liow much the potential on B 
is increased, the needle will move at practically a 
deJfinite rate. The current then flowing is known as the 


saturation current, and this must always be the current 
measured The potential difference required to funiish 
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this current is known as the saturation potential differ- 
ence. For all substances, except very active preparations 
of radium, a saturation potential difference of 300 volts is 
sufficient. This is best obtained from a battery of small 
accumulators, or from a series of lead cells (Fig. 61), 
made by dipping strips of lead in test tubes containing 



dilute sulphuric acid. Before attempting to measure 
radioactivity, i.e. the saturation cmTent produced by a 
radioactive substance, the sensitiveness and capacity of 
the electrometer and its connections must be determined. 
This is not necessary for relative measurements, but for 
absolute measurements it is essential. 

Sensitiveness and Capacity of the Electrometer 

The sensitiveness of an electrometer is the number of 
scale divisions over which the needle moves when there 
is a potential difference of one volt between the two 
pairs of quadrants To determine this, earth one pair 
of quadrants, and connect the other pair to one pole 
of a Weston cell, the other pole of which is earthed 
Determine the number of scale divisions which the 
needle moves over, and since the deflection is propor- 
tional to the potential difference the number for one volt 
can be calculated. The electromotive force of the 
Weston cell may be taken as 1 019 volts. The 
capacity of the electrometer and its connections can be 
determined by charging up the electrometer to a 
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potential P as already described, \vheu it will ;;ive a 
deflection of d scale divisions: thi^ii connect in it to a 
coiKleiiser of known capacity C', when the potential will 
fall to P' indicated by a deflection d\ Tlieii if C is the 
capacity of the electrometer and its connections 
CP = P'(C+C'), 

P O (1 


Hence 


P O d 
P'~c+c'~df 


Calculation of the Saturation Current 

If the sensitiveness and the capacity of the electro- 
meter are both known the saturation current can be 
calculated from the deflection. 

Thus, if S is the sensitiveness of the electrometer, 
C the capacity in electrostatic uiiit.s, i the saturation 
current, and n the number of scale divisions through 
which the needle moves in one second when the t^uadrants 
are being charged by the current i, then 


Measuremeat of Badioactivity 

The activity of a solid radioactive subhtjmt'e can Iv 
conveniently measured by means of the apparatus 
depicted in Fig. 62. This consists of an insulated metal 
plate A, connected to one pole of an earthed battery, and 
a second plate B, 2 cms. distant from A and connected 
through a mercury cup M with one pair of the electro- 
metei quadrants. The plates are enclosed in an earth 
connected metal ho^ C. To make a detei-mination the 
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active substance is placed in a small metal tray on the 
plate A, and the earth connection between the mercury 
cup broken, so that the measuring vessel is directly 



To Earth 

Fio 62. 


connected with the electrometer (Fig 63). The needle 
of the electrometer begins to move as soon as the 
connection is made and the time required for it to swing 
over 100 scale divisions is carefully noted by means of a 
stop-watch. When comparative measurements only are 
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required the radioactivity is known directly, since it is 
inversely proportional to the time required for the needle 
to swing 100 scale divisions Absolute measurements of 
the saturation current, which is also proportional to the 
activity, can be calculated from the time required for 
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the needle to swiu^ 100 .scale divisioub Ly tlie niednji 
gi\eii above 

It IS essential in comparative measureiaeiits that th * 
electrometer should not change iu any ^vay; lau 
be tested by measuiing the rate at which the needle 
moves, from time to time, when a substance of constant 
activity is placed between the plates A, B. Such a 
standard is furnislied by uianiiim oxide, U.Ojg. a small 
quantity, 1-2 grams, is placed uniformly on the hnttom 
of a shallow metal receptacle and placed iu tlie iiieasuriiiy 
vessel. The time lequired for the needle to ^wing over 
100 scale divisions is noted This \aluii may then be 
termed the normal swing of the eleetromeler and since 
the activity of uiamuin oxide is constant, will always Ijc 
reproduced if the electrometer has not changed Should 
the electrometer have changed, results obtained liefore 
and after the change can still he compared by using a 
correcting factor obtained from the swings recorded with 
the standard. Thus if t is the time required for the 
needle to swung 100 scale divisions wuth uranium oxide 
originally, and f after it has changed, then a time T 
required for a 100 division swing after the change would 

have required before the electrometer changed. 

Measurement of Badloactivity by the Electroscope 

Radioactive measuioments may l>e nude by means of 
an electroscope, often better than with an electrometer, 
for it is possible to measure smaller cun*ents wnth it than 
with an electrometer. The principle is exactly the siiiue 
as that on which measurements by an electrometer are 
based, except that instead of the rate of charging the 
insulated .system, the rate of discharging it is measured. 
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The method and principle involved in the use of the 
electroscope may be described as follows. 

It is essential that the electroscope for use in radio- 
active work should have as small a capacity as possible, 
it generally consists of a light aluminium leaf a (Fig. 64), 
attached to a narrow flat brass rod &, which is insulated 
by a sulphur bead 8, inside a metal case M, of about 
1 litre capacity. The vessel M is provided with two 

mica windows, through which 
the movements of the leaf 
can be observed and measured. 
The leaf system is charged by 
means of the bent rod r, which 
passes through an ebonite 
^ stopper E. To charge the 
electroscope the rod r is 
twisted so that it touches the 
top of the insulated system, 
and the outside end of r is 
touched with a charged stick 
of sealing-wax , the end of r 
is then twisted away from b. 
The motions of the leaf are observed through a reading 
microscope which carries a graduated scale. 

To make a measurement, the substance, if not very 
active, is introduced on a metal tray into the electroscope 
through the bottom, which is movable. The case and 
the charging rod are earthed, and the time required for 
the leaf to pass over a given number of scale divisions is 
noted. As the rate of the leaf passing over the scale is 
not uniform the same divisions must be used in each 
measurement If the substance to be measured is very 
active it is placed at some distance below the electroscope 
and the measurement made as before. 
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The electroscope is not usually employed tn 
the saturation current j»^^oduce(l hy a radioactive sub- 
stance, but this may be obtained in the folio win;*; way : 

The scale divisions must be calibrated to ],» »tei dials 

ill volts. This is done by connectinjf a battery of o< ut 
volts across the ends of a potentiometer wire ol hi;; li re>i.st- 
aiice. The leaf system is then connected to a seriesc»f point s 
on the wire of known potential, and the scab* fh*tle(*tiuns 
of the leaf noted The deflections are then plotted as 
abscissae against the potentials as ordinates and a cali- 
bration curve drawn, fiom which the diop of potential 
between two given scale divisions can be obtained. The 
capacity of an electioscope may be determined in tht* 
same way as the electrometer The electroscope i- 
charged to a known potential, P, known from the 
number of scale divisions the leaf is deflected. Then it 
is connected to a condenser of known capacity, C\ and 
the new position of tlie leaf read which corresponds 
to a potential, P'. Then, if C is the capacity of the 
electroscope, 


If, now, i is the saturation current produced by 
a given radioactive substance and p the full of potential 
in t seconds, 


ie. 


X 10’^^ amperes. 


Experiments 

(i) Compare the Radioactivity of Umniiim Acdate 
with that of ITranium Mtrate, This experiment may 
be earned out by means of an electrometer or an 
electroscope. 
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(a) By meahw of an electrometer. Fit up an electro- 
meter as described on page 210, connect the mercury 
key with a testing vessel as described above. Tlio 
scheme of the connections is indicated in Fig 63. In 
this experiment a battery of about 200 cells should be 
connected to the measuring vessel. Weigh out aliout 
5 gi*ams of uranium acetate and 5 grams of urauinni 
nitrate to the nearest centigram, and spread them, finely 
powdered in thin layers on small shallow copper trays. 
Place one of the trays, e,g, that containing the acetate, 
on the lower plate of the measuiing vessel, having 
previously earthed the mercury cup. Then break the 
earth connection and, by means of a stop-watch, note the 
time required for the electrometer to swing over 100 
scale divisions. Make a series of determinations, eaith- 
ing the mercury cup between each, and take the mean 
of the values obtained. Replace the tray containing the 
acetate by that containing the nitrate and repeat the 
measurements. 

If ta represents the time required for the needle to 
swing 100 scale divisions when the acetate is the iomsing 
substance, and tn that when the nitrate is in the testing 
vessel, then 

The activity of acetate • activity of nitrate : : ta. 

The radioactivity is proportional to the amount of 
active substance present, %,e, in this case uranium. 
Hence the ratio should be inversely as the ratio 
of the weights of uranium in the two compounds. 
Compare your result with the ratio of the weights of 
uranium present. Any other uranium compound may 
bo used instead of the salts mentioned in this experiment. 

(b) By means of an electroscope. Fit up the electro- 
scope as described above, illuminate the leaf system by 
a lamp placed behind the instrument, and focus the 
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t(‘l<*«(iopc SO that lDC)th lea\’es are \isihle on t^*e 
Charge the electroscope, and note the time f.u- 

the leaf to pass from division 20 to di\ision 10. Tliis 
constitutes the natural leak of the in^rmnent. 
remove the bottom of the electroseope and place the tiuy 
containing one of the uianmm salts underneath the l»‘ui 
system. Charge, and note the time re«[uiietl for tlie h*ai 
to pass over the same scale di\isiuns as were u«ied 5u 
determining the natural leak. Piepeat the metusurem*‘nt 
with the other salt. The recorded times must now K* 
corrected for the natural leak of the electroscope, and 
then they will be invei*sely proportional to tlie radio- 
activity of the salts. 

If be the time of the natural leak for the measured 
10 divisions, that for the acetate, and U tdv the nitrate, 
then, since the drop of potential, V, corresponding to tlie 
movement of the leaf from 20 to 10, is the same in oacli 
experiment, the tunes and C may be corrected 
follows. The leaf of itself loses a potential of V voits 


in tQ seconds, hence in seconds it will l(»se /.<. 
the drop of potential duo to the uranium acetate is 
V— in seconds, or V in seconds, i,e. . 

h ' 

similarly, the uranium nitrate will cause the <lrop of 


potential V in 
Hence 


seconds. 


The activity of the acetate: the activity of the nitrate 
This experiment may he repeated with thorium «alts. 
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(ii) Compare the Radioactivity of Thorium Nitrate 
and Uranium Nitrate, Proceed in this experiment 
exactly as in the last. Weigh ont about I gram of 
thorium nitrate and 5 grams of uranium nitrate and 
measure the times required for the electrometer needle 
to swing over 100 scale divisions, or for the electroscope 
leaf to pass over 10 scale divisions Calculate the weight 
of uranium and thorium in the salts used, and from 
them the times required for the needle to swing 100 
scale divisions per gi-am of metal, assuming strict pro- 
portionality. The inverse ratio of these times will give 
the ratio of the radioactivities. Thus, if with w grams 
of thorium nitrate the needle required t seconds to swing 
100 divisions, and with v/ grams of uranium nitrate t' 
seconds were required, then if R represents the radio- 
activity per gram of metallic thorium and R' that per 
gram of metallic uranium, 

- t 695*6 f 502*5 
*>c;’232*5>o'‘238 5’ 

where 696*5 is the molecular weight of Th(N03)4l2H:>0, 
502*5 that of (U02)(N03)26H20, and 232 5 and 238 5 the 
atomic weights of thorium and uranium respectively. 

(iii) Net&^nnine the Rate of Decay of Thorium X and 
also the Rate of Production of Thorium X from Thorium, 
It is known that the activity of thorium is accompanied 
by the formation of thorium X, a substance which, weight 
for weight, is several thousand times as active as thorium 
itself Thorium X can be separated from thorium, and 
when separated, being strongly active, commences to 
disintegrate into other less active products. Its activity 
therefore decreases. At the same time more thorium X 
is produced in the thorium which has been separated; 
consequently, since the activity of the thorium X is added 
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to that o£ the thorium, its activity is ineivastMh 
inent will show that the rate of increase of the aotr- it\ 
of the thoi ium is the same as the rate of decrea-e c t‘ t jiV 
acti\ity of thorium X, ie, the rate of formation i,f 
thoiium X is the same as the rate of its dt'cay. 

Prepare a dilute solution of thorium nitrate in water, 
and add ammonia to it until no further preeipitatiuii 
occurs. Filter and wash the precipitate Evajuiratc tlu* 
jiltivite to dryness in a shallow platinum dish, and driv** 
ott' all the ammonium salts by ignition. Tlie platinum 
dish now conUins thorium X and the impurities of the 
original salt. Dry the precipitated thorium hydiate 
Measure the activity of the thorium oxide and tin* 
thorium X every day for 16 days. The actixity of the 
thorium X will slowly decrease and finally vanish, whilst 
that of the oxide will slowly increase to a maximum. 
Call the initial value of the thorium X ami tht* linal 
value of the oxide 100, and plot the activities of both as 
ordinates against the time in days as abscissae. Draw 
curves for the decay of thoiium X and the recovery of 
the activity of thorium. Tlie curves will he found b t Ik^ 
irregular for the lii\st two daj"s, but afterwards will hj 
quite smooth 

If Iq is the activity of thorium X immediattOy after 
separation, and after a time f, then 

where X is a constant, e the base of natural logai*ithins, 
and t the time. 

Calculate the value of X from your experimental 
I'osults, and use the mean value of X to calculate tlu^ 
value of t when is equal to ie. when one half u£ 
the thorium X has decayed. This will give the half life 
of thorium X. The value of X may also be calculated 
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from the rate of recovery of the thorium If lepre- 
sents the increased activity of the separated thorium 
when it has become constant, the activity recovered 
in time t, then I^==Io(l — 6“'^^). 

Calculating now the value of t when = i.c. the 
time required for the formation of one half of the equi- 
librium amount of thorium X, the value obtained ought 
to be the same as the half life of thorium X. 

(iv) Determine the Relative lonismy Power of tlip 
a, and y Bays of Raclmm. The radiations of radium 
are made up of three different kinds of rays, which have 
been named respectively a, and y rays. These rays 
have widely different properties, which may be briefly 
summarised thus : 

a rays, which are positively charged particles moving 
with a high velocity, are very easily absorbed by gases, 
liquids, and solids. They ionise air more strongly than 
either of the other rays, and are not very active photo- 
graphically. 

jS rays are negatively charged particles moving with 
a high velocity. They are more penetrating than a rays, 
and produce a smaller ionisation of the air They are 
more strongly active toward a photographic plate than 
either of the other rays. 

y rays are uncharged and extremely penetrating. To 
measure the relative ionising power of the rays cut a 
small rectangular hole in a block of lead, 3 cms. long, 
2 cms. wide, and 2 cms. deep Spread a small quantity of 
radium bromide uniformly over the bottom of this hole. 
Place the lead and its contents on the lower plate of the 
testing apparatus (Fig 62), and arrange so that a current 
of air may be blown across the plates to remove any 
1 ‘adium emanation which maybe liberated. Measure the 
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saturation ciiiront, charging the lower plate to a Li 'L 
potential, about 800 volts. Now cover the lcd<l capsule 
with an aluminium leaf, about 01 min thick, and 
remeasure the saturation current. This will cut otf all 
the a rays and allow' the ^ and y rays to pas.s thinugh. 
The difference between the two measurements will give a 
value proportional to the ionisation produced by the « 
rays Now cover tlxe capsule with a sh«*t of lead, 2-3 
mm. thick; this will cut off both the a and 3 luvs 
Measure the .saturation cun-ent, which will lie prupur- 
tioiial to the ionisation produced by the y Thr 

difference between tlie last two ineasurenieuts will 
a value proportional to the ionisation pioducetl by tw'^ ,-i 
rays. 

If is the time occupied by the needle in 
100 divisions with the uncovered radium brouiid**. 
when covered by aluminium foil, and wlu^u covon^l by 
the lead plate, then if !«, and ly resjiectively represent 
the ionisation due to the a, /3 and y rays. 

1/5+7 • ^7 •* ^3 * ^2 ' ^/St7 • ^1* 

Should a battery of 800 volts not be availalih* tlu^ 
experiment may be carried out with a thorium or a 
uranium salt, in which case a potential of 300 volts 
will be sufficient. 

(v) Detenyime the Abso't^tion of y Rajfi by vttrion^ 
th icknesses of Metals. This experiment should be carried 
out with an electroscope of the type described on pa<,^e 
218. Place a small quantity of radium bromide in a 
shallow thick-walled leaden dish ; this is T)est made by 
cutting a shallow hole 2 cius. long, 2 ems wide and 
3 mm deep in a block of lead 4 cnis scjuare and 2 ems 
thick. Spread the radium bromide as thinly and iih 
uniformly as possible over the bottom of the hole, cover 
S.O. II. P 
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it with a thin sheet of mica, about 0 1 mm. thick and 
fasten the mica to the lead with sealing-wax, taking 
care that the whole of the joint shall be covered with 
wax. This is for the puipose of preventing the escape 
of the emanation Place the electroscope on a tripod 
stand and measure the natural leak. Cover the radium 
bromide with a sheet of lead 3 mm. thick, charge the 
electroscope and determine the time required for the leaf 
to pass over the measured 10 divisions. The discharge 
will be due entirely to the y rays, for the a and ^ rays 
have been cut off by the lead sheet Add a second sheet 
of lead, 6 mm. thick, to the first and measure the time of 
discharge. Add further sheets of lead, 5 mm. thick, as 
long as there is an effect on the electroscope larger than 
that due to the natural leak. Correct the time observed 
in the various measurements for the natural leak and 
plot the corrected values as ordinates against the thick- 
ness of lead as abscissae and draw an absorption curve 
for the y rays by lead, 

Eepcat the experiment with sheets of iron, aluminium 
and copper, and note that the absorption is approximately 
proportional to the absorbing medium for equal thick- 
ness of metal. 

(vi) Determine the Rate of Decay of Radium Emana- 
tion. Kadium, simultaneously with the emission of a, j8 
and y rays, gives rise to a radioactive gas, known as 
radium emanation. This gas, being radioactive, is 
constantly changing into other products, just as in the 
case of thorium X, and is also similarly regenerated from 
radium, Eadium emanation, therefore, has a definite 
period of existence which may be determined by measur- 
ing the saturation cun‘ent produced by it at stated 
intervals of time. To measui'e the rate of decay 
of radium emanation it must be removed from the 
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raduini which lias produced it. To d(^ tliis di--- U’f r> 
milligrams of radium bromide in wat^a* and pLicv tlie 
solution in a small wash-l-iottle A <Fig. eonm'vt thl^ 
through a sulphuric acid bubbler B to a gas-h. •!»!< r C 
filled ^^^th mercur 3 \ Warm the solution of liidium 
bromide by placing the wash-b(»ttle m a ’ivater bath. 
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and draw a current of air through the solution so that 
the air and emanation which it contains pass into the gas- 
holder. Transfer exactly 6 c.c. of the mixed gases to a 
gas burette, convey this to a measuring vessel and 
determine the time of swing of the electrometer iieed^*. 

The measuring vessel in this case consists of a brass 
cylinder A (Fig. C6), 25 ems long and G eius. diameter, 
fitted with an ebonite stopper B, which carries a brass 
rod R protected by a guard ring D Two well-fitting taps, 
s, t, are attached to the side of the vessel. To transfer the 
emanation from the gas burette to the measuring vessel 
attach it to a small sulphuric acid bubbler and this to 
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the tap 8. Then evacuate the measuring vessel through 
tile tap t When the cylinder is evacuated close t and 
cautiously open s. This will draw all the gas from the 
burette into the bubbler ; when the mercury in the gas 
burette has filled the bore of the tap slip off the connecting 
rubber and allow air to be drawn through the tube into 
the bubbler and so sweep all the emanation into the 
measuring vessel. Connect the rod R to the electrometer, 
the outside of the cylinder to one polo of an eartliod 
battery of GOO volts, and the guard ring to eaith. 



Measure the time required for the needle to swing 100 
divisions as described above. 

When the measurement has been completed, draw a 
rapid current of air through the measuring cylinder to 
sweep out all the emanation. This should not be done in 
the room containing the electrometer. Repeat the measure- 
ments with further quantities of emanation at intervals of 
12, 12, 12, 24, and 24 hours, and then every two days for 
about a month. The saturation current will be found to 
gi-adually diminish until it finally vanishes. Plot the 
times required by the needle to swing over 100 scale 
divisions as ordinates against the time in days cis 
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absciHsae, and draw a decay curve fur radium viiianii- 
tion. 

If Iq represents the initial activity of the eiiijiiiatiuii 
and the activity after a time t, 

where X is the decay constant of the omanatiun 
late X for the various nieasureinvuts, and then usiu^ th*- 
mean value of X calculate the value of t when 
This will give the half life of radium emanation. 

Estimation of the Eadinm Content of Mmerals 

The radium content of minerals is deduced fiuia the 
activity of the emanation formed in a given tiun* ly a 
known weight of the mineial. This is compaied with 
the activity of the emanation produced by a standard 
whose ladium content is known. Since uranium is dis- 
integi'ating and forming ladium, and the radium itself is 
disintegrating but much faster than the uraniuiu, it 
follows that after a time the amount of radium prt‘si*iit 
in a given uranium mineral will become constant and 
proportional to the amount of uranium present in the 
mineral. Turther, the amount of emanation pre.^ent in 
the mineral, assuming none escapes, is also proportional 
to the quantity of radium present. The amount of 
ladium present in a uranium mineral has been found to 
be 3*15 X 10"^ grams per gi*am of uranium, if the mineral 
is of sufficient age for the equilibrium conditions to have 
been set up. 

If, then, such a mineral be taken and analysed tc» tind 
its uranium content, the amount of radium it coutaiiLs will 
be known from the above relationship, riz. SlSxlO’v* 
grams per gram of mineral, where x is the weight of 
uranium per gram of mineral. Such a mineral may 
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now be used as the standard with which other minerals 
may be compared and from which their ladium content 
may be deduced. 

The method of procedure is as follows : About 60 mil- 
ligrams of pitchblende, of known uranium, and conse- 
quently known radium content, is taken and ground up 
finely in an agate mortar. A carefully weighed quantity 
of tHs, about 30-40 milligrams, is placed in a platinum 
crucible and fused with a mixture of sodium and potas- 
sium carbonates and a small quantity of potassium 
nitrate. The melt is dissolved in hydrochloric acid and 
placed in a 250 c.c. flask, which is about four-fifths filled 
with water. The solution is boiled for about an hour to 
expel all the emanation, the flask is then securely 
closed with rubber stopper and placed on one side for 
four days, the time being accurately measured. In this 
time it will produce a quantity of emanation proportional 
to the amount of radium it contains. The eSect produced 
by this emanation on an electroscope is now measui’ed 
To do this the emanation has first to be expelled from 
the solution. This is done in the apparatus depicted in 
Fig. 67, which consists of a short tube a, about 5 mm. 
diameter and 20 cms. long, fitted, by means of a rubber 
stopper, into the widened end b of the tube C. This 
tube is about 120 cms, long and 8 mm. diameter, and is 
connected at its upper end, by means of a rubber stopper 
r, with an adapter A, closed by a tap t The widened 
part 6 is fitted with a side tube which is connected by a 
length of rubber tubing with a levelling bottle L. The 
apparatus is inverted and filled with water, then the 
rubber tube is closed by a pinchcock, and the apparatus 
turned into its right position. The flask F containing 
the radioactive standard is attached to 6, and placed over 
a burner and boiled for an hour. This expels all the 
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emanation, which, together with the air in the flash, ri<L.s 
into the adapter A. The tap t is then ctninectcd with a 
piece of rubber tubing through a sulphuric acid bubbler 



and a small tube filled with cotton wool, to remove spray, 
with an evacuated electroscope. The tap of the electro- 
scope is opened, and the tap t is also cautiously oj>ened, 
and the emanation drawn from A into the bubbler. W hen 
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all the gas has been removed fiom A, which is ensured 
hy allowing the water to rise up to the rubber tubing^, 
the tubing is slipped off the tap and air allowed to enter. 
This sweeps all the emanation into the electroscope, 
where it is allowed to stand for two hours, and then its 
activity is measured. The measurement is repeated half 
an hour later, and if the value is constant this is accepted 
as the value of the standai d. If the value is not constant 
half-hourly measurements must be made until two are 
alike, but constant results ought to be obtained in 3-4 
hours. The mineral to be examined is treated exactly in 
the same way as the standard, and the activity of the 
emanation, produced by about 50 milligrams in the same 
time, measured. Should the mineral contain sulphur, 
the method is varied a little The fusion is carried out 
in the same way, and, since the sulphur will give a 
sulphate, insoluble radium sulphate will be formed i£ the 
melt is treated with acid. It is therefore boiled out with 
water and filtered from the insoluble carbonates, which 
are well washed. The filtrate and washings are rendered 
acid with hydrochloric acid, and placed in a 250 cc. 
flask as before. The insoluble carbonates are then dis- 
solved in dilute hydrochloric acid, and placed in another 
250 c.e. flask. The measurement is then carried out as 
before, but in two parts, the activity of the emanation 
from the mineral being the sum of the activities of the 
tw’o parts. 

The electroscope^ to be used in this determination is 
depicted in Fig. 68. It consists, as will be seen, oi a 
well made rectangular box A, fitted with plate-glass 
sides which are either cemented on or attached by 

^This instrument was designed by and may be obtained from Mr J. 
Holding, engineer to the Radium Institute, Biduig House Street, 
London, W. 
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clamps. The leaf system consists of a brass rod </, 
^^llich supports the fixed leaf b made of a thin narrow 
strip of biass, and a narrow aluminium leaf The 
whole is supported hy the brass lod /, which is insulated 
from the case by a sulphur plug e. The leaf system is 



insulated from / by a rod of amber or sulphur The 
glass tube w is secured to the case and ituidered air- 
tight by the flanges and screw caps A*, Z, ///, and tln‘ 
leaden washers n. Two taps, s and f, are screwed into 
the sides of tlie case for the purpose of e\acnalion and 
admission of the emanation. An iron wire v swings 
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Ei'ocly from a hook p attached to f and serves to charge 
tho leaf systoui. This is done by drawing v with a 
magnet so that it is in contact with a. 

The knob x is then raised to the required potential 
either by making contact with one pole of a battery or 
by means of a rod of sealing-wax. 

Experiment 

Determine the Rad%um Content of a given Uranium 
Mineral. Analyse and prepare a standard, eg. pitch- 
blende. Measure the activity of the emanation produced 
by it in four days. Then determine tho activity of the 
emanation produced by the same weight of the unknown 
mineral in the same time It is especially impoitaut to 
blow the emanation out of the electroscope as soon as 
the measurement is completed, or otherwise an active 
deposit will be formed on the walls and this will render 
the electroscope useless. As it is the natural leak will 
gradually increase and must, therefore, always be deter- 
mined before an experiment. When tho natural leak 
becomes too large take the instmment to pieces, sandpaper 
the metal surfaces and wash the glass to remove the 
active deposit. Renew all the insulators and then the 
normal natural leak will be reestablished. 

Suppose 50 milligrams of the standard give emanation, 
which produces a motion of the leaf of 10 scale divisions 
in t seconds (corrected) and the same weight of the 
mineral produces emanation which gives the same 
motion in if seconds (corrected). Then if w milligrams 
of uranium are present per gram of the standard, the 
weight of radium present in 50 milligrams of the 

'U) 

standard is 3 15 X 10’^ X ^ milligrams. 
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Tlie activity of the emanation is inversely ]«vonortinnaJ 
to the time rciiuired by the leaf to pas& o\ < r U u scale 
divisions, Le, 

Activity of emanation ^ Activity of eiiianatiou _ ^ 

from standard ’ from specimen 

The quantities of radium pieseiit in the two siih'^taiices 
are proportional to the aeti\ities of the einanatnui, since 
the experiments have been carried out under identical 
conditions, hence 

Amount of radium Amount of ra<lium ^ 
in standard * m spi‘eiuien ’ * 

ie. Nuinher of inilli- ^ 

grains of radium in 50 = ^,x3T5x 10’ ‘ x milligrams 

milligrams of specimen 

or t X 3 15 X mg per gram. 
t 

Suitable minerals for this experiment tire pitchblende, 
autmiite, and orajigeite. 
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TABLE I 

Values of log— — =, wliere I is the point of balance on a metre 

lUOO — fr 1*1 

midge 


I 


0 

11 

12 

13 

4 

15 

16 
ir 
18 
>9 
0 
.1 
.2 
3 
.4 

5 
.6 
.7 
.8 
.9 
!0 
II 
S2 
IS 

14 
!5 
!() 

17 

18 
!9 

eo 

11 

12 

13 

14 

15 
)6 
J7 

19 

10 

11 

12 

13 

44 

45 

46 

47 

48 

49 

50 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

200436 

2 30980 

2 49035 
261979 
272125 

2 80502 

2 87662 

2 93930 

2 99520 

I 04576 

I 09200 

1 18470 
1*17442 

I 21163 

I 24667 
i 27984 

1 81137 

1 34146 

1 87026 

I 89794 

1 42459 
1 45040 
1 47524 

1 49940 
1 5*2288 
1 54574 
i 56804 
I 5S9S3 
I 61114 
163202 

I 65251 
167264 
X 69244 
I 71194 
X 73116 
X 76012 
X 76886 
1 78739 
X 80573 
X 82891 
X 84198 
I 85982 
X 87760 
X 89526 
X 91285 
X 93037 
X 94782 
i 965*24 
I 96203 
0 00000 

2 00043 
2 04619 
2 33144 
2 50504 
2 63096 
2 78030 
2 81266 
2 88324 
2 94517 
I 00048 
I 05066 
X 09642 
I 13680 
i 17825 
X 21528 
X 25007 
1 28307 
I 81445 
1 34440 
1*87808 
140065 
1*42720 
I 45285 
I 47768 
I 50178 

1 52519 
I 54800 
1*57024 
I 69198 
X 61324 
1*68409 
I 66454 
1*67464 
I 09440 
X 71886 
X*73807 
1 75201 
X 77072 
I 78923 
I 80766 
1 82571 
X 84872 
I 86160 
I 87939 
I 89708 
I 91461 
X 98211 
I 94956 
X 96698 
X 98436 
0 00174 

1 80180 

2 08442 
2 35208 
2 51927 
2 64188 

2 73919 
2 82019 
2 88978 
2 95097 

I 00570 
X 05582 

I lOObl 
114287 

I 18205 

I 21880 

X 25844 
I 28C28 
I 81760 
1 34732 
I 875S9 
I 40335 
X 42981 
I 45587 
148018 
I 50415 
I 62750 
I 55024 
167244 
I 59413 
I 61585 
1 63615 
I 65656 
I 67663 
I 09636 
I 71580 
I 73496 
X 76389 
I 77258 
I 79107 
I 80939 
I 82768 
I 84552 
I 86338 
I 8S113 
I 89879 
I 91686 
I 93386 
1 95131 
I 96872 
I 98011 
0 00347 

547842 

2 11962 

2 37184 

2 53308 

2 65256 

2 74793 

2 82760 

2 89624 
295671 
I010S7 

I 00005 

I 10616 

I 14691 

X 18583 

I 22236 

X 25681 

I 28046 

I 32054 

I 35023 

X 37669 
140004 

X 48241 

I 46788 
I 48256 

I 60661 

X 52980 

I 65249 
167463 
i 59627 
I 61746 
I 68821 
165858 
X 67861 
X 69831 
I 71772 
I 73687 
I 75677 
i 77444 
i 79291 
I 81120 
X 82934 
I 84781 
I 80516 
X 88291 
I 90062 
I 91811 
T 93561 
I 95298 
I 97046 
198784 
0 00521 

5 60370 

2 15225 
‘2 09076 

2 54650 

2 06296 

2 75650 

S 83490 
S 90262 
296238 

1 01600 
106472 
110947 

I 16092 

X 18958 

I 22589 

X 26016 

I 29263 

X 32857 
135313 

X 88146 

X 40872 

X 43499 
X4G039 

X 48499 

I 50887 

X 53209 

X 55472 

I 57681 
X 59841 
I 61955 
I 64026 
X 66061 

X 68060 
X 70028 
X 71796 
X 78887 

I 75764 
i*77830 
I 79476 
I 81S0S 
I 88113 
I 84910 
I 86695 
X 88467 
I 90231 
I 91987 
I 98736 
X 95479 
I 97220 
I 98968 
0 00695 

5 70115 
5 18265 

2 10694 
2 55954 
2 673*21 
2 76493 
284210 
290892 

2 96800 

I 02107 

1 06937 
i 11876 

X 15490 
T 19331 

I 22940 
I 20347 

X 29579 

X 32657 

X 85601 

X 38423 

I 41138 
I 43757 
X 46288 
X 48741 
I 51122 
I 53438 
I 55696 
1 57899 
160053 
162163 
164232 
X 66262 
I 68258 
I 70222 
i 72168 
I 74067 
X 75952 
X 77815 
179058 
1 81484 
X 83294 
X 850S9 
X 86872 
1 88644 
X*90407 
192161 
193910 
I 95653 
X 97393 
I 99132 
0 00808 

J 78076 

2 21112 

2 4*2041 

2 57222 

2 08721 

5 77822 

2 84919 

2 91514 

2 97355 

I 02010 

I 07397 

I 11801 

1 15886 

I 19703 

I 2S2S9 

I 26678 

I 29S94 

I 32958 

I 35889 
138700 

1 41405 

I 44013 
1*46537 

I 48982 
1*51357 

I 53667 

T 55918 

I 68117 

I 60267 

I 62372 
1*64436 

I 66468 

I 68456 

I 70417 
I 72330 
I 7426C 
1*76139 
I 78001 
1*79842 
1 81666 1 
183474 
1 85268 
I 87050 
I 88b21 

1 90582 
1 92836 
I 94085 
I 95828 
I 97568 
I 99305 
0 01042 

3 84S15 
3 23790 
2 44325 

2 58457 

2 69301 

2 78136 

2 85619 

2 92129 

2 97905 

I 03108 

I 07853 

1 12223 

X 16279 

1 20071 

X 21637 

1 27007 

I 80207 

I 38257 

I 36175 

I 38976 

I 41670 

I 44270 

I 46786 
I 49223 

I 51591 

I 53S94 

I 66141 
1*68334 
I 60479 
1*62580 
164641 

I 66604 
I G8653 
I 70612 
I 72542 
I 74446 
I 76327 
i 78186 
I 80025 
1*81847 
I 83654 
I 85447 
X 87228 
I 88997 
I 9075S 
T 92512 
1 94259 
I 96052 
I 97741 
I 99479 
0 01216 

3 90658 

2 26316 

2 45949 

2 596o0 

2 70260 
*2 78938 
2S6309 

2 92736 
298449 

X 03602 

I 08306 

I 12041 

X 16669 

X 20437 

X 23982 

X 27335 

X 30519 

I 33555 
136460 

X 39250 

X 41933 

1 44525 

X 47031 

X 49463 

X 61823 
154122 

X 56862 

X 58650 

X 60691 
X 62788 

X 64844 

1 66865 

X 08860 
170806 
172733 
174634 
176513 
1 78370 
180208 
X 82028 

183834 
X 85026 
1 87404 
189173 
X 60934 
I 926S7 
1 94434 
X 96172 
I 97915 
1 99{,53 
0 01389 

395817 

5 28708 
547518 
*560634 
271202 

5 797*26 

5 86990 

5 93337 

5 9S9S7 
104092 
106755 

1 13057 
117057 

1 20751 

I ‘24326 

1 27C60 

T S0S29 

X 38S51 

X 86744 

1 39522 
14*2197 

I 44799 

1 47279 
149702 

X 52056 

1 54848 

1 56583 

X 5S7C6 

X 60903 

X 62995 

X 65048 
167064 

X 69048 
171000 
172925 
174823 

X 76700 

1 78535 
180391 

X 82210 
184013 

X 85803 
X 87582 
X 89350 
i 91110 
X 92861 
1 9460S 
1 96350 
1 98089 
1 99S26 
0 01564 
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TABLE I {Continued) 


I 




61 0 01565 0 01^11 0 02085 0 02259 0 02482 0 02607 

62 0*03476 0 03660 0*03824 0 08998 0 04172 0 04347 

63 0 06*218 0 05392 0 056G6 0 05741 0 05915 0 06090 

64 0 06968 0 07139 0 07318 0*074S8 0 07564 0*07839 

55 0 08715 0 08890 0 09066 0 09242 0 09418 0 09598 

56 0 10474 0 106jO 0 10827 011003 011179 011366 

67 0 12240 0 12418 0 12596 0 12772 0 12960 0 13128 

58 0 14018 0 14197 0 14374 0 14553 0 14732 014911 

59 015807 0*15987 0 16106 0 16846 0 16626 0 16706 

60 0 17609 0 17790 0 17992 0 18163 0 18834 0 18516 

Cl 0 19427 0 19609 0 19792 0 19975 0 20168 0 20842 

62 0 21261 0 21445 0 21680 0 21813 0 21909 0 22185 

68 0 23114 0 23300 0*23487 0*23678 0 28861 0 24048 

64 0 24988 0 25117 0 25866 0 23654 026744 0 25933 

65 0 26884 0*27075 0 27267 0 27458 0‘2?650 0 27842 

66 0 28806 0 29000 0 29194 0 29388 0 29683 0 29778 

07 0 80756 0*30962 0 81160 0 31347 0*31644 0 31742 

68 0 32736 0 32936 0 33135 0*33836 0 38537 0 387S8 

69 0 34749 0*3495*2 0 8315C 0 8)359 0 85564 0 16768 

70 0 86798 0 37005 0 87212 0 37420 0 37628 0 37837 

71 0 3SS86 0*39097 0 89809 0 89521 0 89733 0 39947 

72 0*41017 0*41234 0 41450 0 41660 0 41883 0 42101 

73 0 48196 0*43417 0 43638 0*48859 0 44082 0 44304 

74 0 45426 0*45652 0 45878 0*46106 0*46333 0 465C2 

75 0 47712 0*47944 0 48177 0 48409 0 48643 0 48878 

76 0 50060 0*50298 0 50537 0*50777 0 61018 0 51259 

77 0 52476 0 52721 0 52959 0 53215 0 5346$ 0 53712 

78 0*64957 0*55226 0 56475 0 66780 0 65987 0 66243 

70 0 57541 0*57803 0 58067 0 58330 0 58595 0 58862 

80 0 60206 0 60478 0 60750 0 61206 0 61300 0 61577 

81 0 62974 0*03*256 0 68540 0 6*1825 0*64111 0 64399 

82 0G5854 0 66149 0 G645O 0 65743 0 67042 0 C7341 

83 0 68863 0*69171 0*69481 0*69793 0 70106 0 70421 

84 0*72016 0 72840 0 72665 0*72993 0 78322 0 73053 

85 0 75833 0*75674 0 76018 0 75363 0 76711 0 77060 

86 0*78837 0*79199 0 79568 0 79029 0 80297 0 80669 

87 0 82558 0*82943 0*83331 0 83721 0 84114 0 84510 

88 08G580 0*86943 0 87359 0 8'/777 0 88199 0 88624 

89 0 90800 0 91245 0 91694 0 92147 0 92603 0 98036 

90 0*95424 0*95908 0*96398 0 96892 0 97390 0)7893 

91 1*00480 1 01013 1 01551 102095 1 02645 1 03200 

92 1 06010 1*06663 1 07204 1 07871 108486 1 0910S 

93 1*12338 1*13010 118691 1*14381 115081 1*15790 

94 1*19408 1-20274 1 21062 1 21864 1 22678 1 23507 

95 1 27875 1*28798 1*29740 1 80599 1 31679 1 82679 

96 1*88021 1*89106 1*40340 1*41543 1 42778 1*44046 

97 1 50955 1 62482 1*64051 1 65676 1 67369 1 69106 

98 1 69020 1-71292 1*78684 1 76210 1 78888 1 81735 

99 1*99564 2 04182 2 09342 2 15185 2 21924 2 29S85 


0 02780 
0 04521 
0 06264 
0 08018 
0 09769 
011583 
0 13305 
0 16090 
0 16887 
0 18697 
0 20525 
0*22370 
0 24286 
0 26123 
0 28034 
0 29972 
0 31940 
0 83939 
0 35974 
0 3S045 
0 40159 
0 42319 
0 44528 
0 46791 
0 49113 
0 51501 
0 53961 
0*56501 
0*59128 
0 61854 
0 64687 
0 67643 
0 70737 
0 7S')85 
0 77411 
0 81042 
0 84908 
0 89053 
0 9852$ 

0 93400 

1 08762 
1*09738 
1*16510 
1 24305 
1 38701 
1 45350 
160924 

1 84775 

2 S9b20 


0 02964 
0 04695 
0*06439 
0 08189 
0 09949 
0 11709 
0 134S4 
0 15269 
0 17066 
018880 
0*20709 
0*22556 
0 24423 
0 26313 
0 28228 
0 30169 
0 82139 
0 34142 
0 36179 
0*88255 
0 40373 
0*42537 
0 44751 
0 470U 
0 49349 
0 51744 
0*54212 
0*56759 
0*69396 
0 62181 
0*64977 
0 67946 
0*71054 
0*74319 
0 77764 
0 81417 
0*85309 
0 89484 

0 93995 
0*98918 

1 04329 
1 10376 
1 17240 
1*252117 
1 34744 

1 46692 
1 62816 
188038 

2 52158 


003128 
0 04S69 
006614 
0 08364 
010121 
011887 
0 13662 
0 15448 
0 17247 
0 19061 
0*20893 
0 22742! 
0 24611 
0 26504 
0 28420 
0 30364 
032S37 
034S44 
0 36385 
088465 
'0 40587 
0 42756 
0*44976 
047250 
0 49585 
051987 
0 54468 
0 57019 
059665 
0 62411 
0 65268 
0 68250 
071372 
0 74636 
078120 
081795 
0 85713 
0 89919 
0 94468 

0 99433 

1 04903 
1 11022 
1*17‘»81 
126)81 
135821 
148078 
1*64792 

1 91558 

2 69810 


0 03302 
0 05044 
006789 
0 08589 
0 10297 
0*12068 
0*18h40 
015628 
0 17429 
019244 
0 21077 
0 22928 
0 24758 
0 26698 
0 28614 
0*30560 
0 82536 
0 34546 
0 36591 
0 SS676 
0 40S02 
0 42976 
0 45200 
047481 
049822 
0 52232 
0 54713 
0 57280 
0 59936 
0*62692 
0 65561 
0 68550 
071693 
074998 
0 78477 
0 82175 
0 86120 
0 90868 
0 94944 

0 99952 
1*05483 
1*11676 
118734 

1 26970 
1*86004 
1 49496 
1 66856 

1 95881 

2 99957 





APPENDIX 


239 


TABLE n 

0,2 

Values of log- , for values of cl from 00100—0999 

1 — OL 


a 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 010 

0 011 

0 012 

0 013 

0 014 

0 015 

0 016 

0 017 

0 018 
0*019 

0 020 
0*021 

0 022 

0 023 

0 024 

0 025 

0 026 
0 027 

0 028 
0 029 
0 030 
0*081 
0 082 
0 083 
0 034 
0 035 
0 036 
0 037 
0 038 
0 039 
0 040 
0*041 
0 042 
0 043 
0 044 
0 045 
0 046 
0 047 
0 048 
0 049 
0 050 
0*051 
0 052 
0 053 
0 054 
0 055 
0 056 
0 057 
0*058 
0 059 
0*060 
0*061 
0 062 
0 063 
0 064 
0 065 

5 00436 

4 08776 

4 15360 

4 28312 
i 29S38 
i 35874 

1 41524 
i 46735 
; 51843 
i 56583 

4 61803 
iG5386 
i 69450 
1 73357 
? 77097 
1 80688 
i 84138 
? 87561 
i 90672 
? 93758 
i 96747 
Z 99640 
H 02442 
3 05159 
3*07798 
3 10361 
3*12852 
3*15277 
3*17638 
3*19940 
3 22185 
3 24374 
3 2<.513 
3 28603 
3*30644 
3 32642 
3 34597 
3 36511 
3 88384 
3*40222 
3*42022 
5*43787 
3*15519 
3 47221 
3 48889 
3 50529 
3*52141 
3*53723 
3*55281 
3*56811 
3*58317 
3*59799 
3 61258 
3 62694 
3 64108 
3*65501 

Z 01305 

Z 09549 

Z 17087 
i 24027 

Z 80461 
i 86467 

3 4J071 

Z 47349 
Z 52829 
i 57044 
Z 61522 

1 65782 

3 69849 
3 73737 
3 77463 
3 81038 
3 S4477 
3 S7787 
3 90980 
3 94061 

3 97041 
3 99824 
3 02719 
3 05428 
5 08057 
3 10614 
3 18099 
3 15520 
3 17871 
3 20168 
3 22405 
3 24591 
3 26724 
3 28809 
3 80847 
3 32840 
5 34700 
3 86699 
3 38.571 
3 40403 
3 42200 
3 43902 
3 45002 
3 47388 
3 49055 
3 50691 
3 52299 
3 5S881 
3 55436 
3 56964 
3 58466 
3 59946 
3 61402 
3 62837 
3 64249 
3 65639 

S 021 65 

Z 10333 

Z 17805 

Z 24691 
i3107» 

Z 37033 
142613 
i 47859 
i 52812 
i 57442 

Z 61956 

Z 66199 
570245 
374117 
5 77828 
3 81388 
3 84818 
38S112 
3 91202 
3 94DCS 
3 97834 
3 00207 
3 02998 

3 05694 
3 08317 
3 10864 
3 13348 
3 15754 
3 18104 
3 20395 
3 22628 
3 24807 
3 269S5 
3 29014 
3 31047 
3 88037 
3 34982 
3 30888 
3 38755 
3 40585 
S 42377 
3 44187 
345862 
3 47556 
3 40220 
3 50851 
3*52460 
3 54038 
3 55588 
3 57114 
5 6S616 
3 60093 
361617 
3 62979 
3 64390 
566778 

3 0801S 

3 11110 

3 18619 

3 25851 

3 31694 

3 37608 

3 48152 

3 48308 

3 53292 
3 57958 

3 62391 

4 66011 
3 70689 
3 741<I6 
3 78190 

5 81737 
3 85140 
3 88434 
3 91605 
3 ^4065 
3 970*24 
5 00487 
3 03266 
3 05959 
3 08674 
3 11154 
3 13588 
3 16091 
3 1'>836 
3 20619 
3 22S4S 
3 25202 
327145 
3 29220 
3 31248 
333231 
3 35175 
3 37076 
3 38040 
3 40706 
3 42355 
3 44811 
3 46083 
3 47725 
349385 
3 51017 
3 52619 
5 54193 
3 55743 
3 »7265 
3 5S765 
3 60239 
3 61692 
363120 
3 6452$ 
3 65<U5 

4 03860 
4*11878 

4 19226 

4 26006 

4 32302 

4 38178 

Z 43686 
i 48872 
4*53771 
158411 

Z G2S21 

4 67021 

4 71034 
i 74872 
3 78551 
3 82083 
3*85482 
3 88757 
3 91915 
3*94906 

5 97916 
5 00772 
5 03540 
3 06225 
3 0SS32 
311365 
3 1383S 
3 16229 
5 18567 
3 20S46 
.3 23007 
3 25230 
3 27356 
3 39425 
3 31448 
3 33480 
3 S5367 
5 3726) 
5 89126 
3 40946 
3 42732 
3 44484 
3 46208 
3 47891 
3*49549 
3 51177 
562777 
3 54549 
5 55895 
5 57418 
3 68914 
5 60386 
3 61834 
3 68268 
5 64669 
3*66053 

i 04796 
Z 12()42 
i 19928 
Z 2C05O 

4 3.008 

4 38744 
Z 44219 
349875 

3 54245 
3 58SG1 

3 63250 

3 07432 

5 71424 
3 75247 

5 78911 

3 82430 
385816 
5 89077 
3 92224 
3 95264 
3 98205 
3 01052 
3 03S11 
30618S 
3 090S9 
3 1161G 
3 14U73 
3 16466 
3 18797 
3 21070 
3 23288 
3 25451 
3 27664 
3 29630 
3 31649 
3 33624 
3 35558 
3 37452 
3 39307 
3 41137 
3 42909 
3 44058 
3 46374 
3 48058 
3*49614 
3 51388 
3 52986 
3 54506 
3 56050 
3 57568 
3 50062 
3 60583 
5 01979 
3 63403 
3 64808 
3 6619) 

3 05525 
5 13*199 
5 2002) 

4 2730 J 

3 33509 

4 J9307 
3 44749 

3 49873 

4 54717 
3 59812 
3 63678 
3 07838 
3 71825 
3 75619 
3 79270 
3 82774 
3 86147 
3 80398 
392514 
3 95563 
3 98494 

2 01333 

3 04083 
3 00762 

5 09345 
311864 
314315 
3 16702 
S 19028 
3 21*295 
3 23506 
3 25603 
3 27773 
3 29834 
3 81847 
5'33819 
5 85760 
3 .>7040 
5 39492 
341805 
3*43086 
3 448S1 
3 46545 
3 48225 
5 4987b 
3 51498 
3 53094 
3 54OC0 
3 -.6203 
3 57619 
3 69299 
5 60677 
3 62122 
3 03546 
3 61946 
3 06327 

4 06343 
Z 14149 

4 21315 

4 ‘27943 

4 34107 
i 39867 

5 45275 
4 50170 
1 55183 

4 59758 
i G4102 
Z GS245 

4 72203 
4 759 »2 
i 79626 
4Sill7 
4 86477 
i 89716 

4 92841 
Z 95S61 
Z <)8TS2 
101611 
1 04854 

5 07015 
S 09600 
8 12113 
5 14558 1 
8 16"87 
3 19256 
8 21517 
3 23728 
3 25578 
i 27981 
8 30037 
532048 
3 84016 
5 35941 
S $7827 
3 39674 
5 41486 
543262 
5 45008 
5 4C713 
5 48391 
550041 
5 51661 
5 53151 
554817 
5 56335 
5 67867 
H‘59358 
5 60824 
5 62266 
5 63GS6 
5 65085 
5 06465 

4 07156 
4 148<i2 
4 22001 

4 2s5b0 

4 84700 
4 40424 
i*4579S 
4*50St>4 
4 55G56 
Z 60203 
4 64525 
4 CS649 
Z 72588 
4 7G302 
Z 799S1 

1 83459 

4 SCSOo 
JOOOW 

5 93147 

4 96158 

5 99079 

2 01S89 

3 04622 
8 07277 
2 09854 
5 12359 
S 147‘>8 
3*17171 

2 19485 

3 21740 
3 23041 
3 26090 

2 281SS 

3 30239 
532247 
5 34210 
5 30132 
5 38018 
3 39857 
5 41664 
543436 
5 45176 
3 46832 1 
5 48558 
5 50204 
5 518*20 
5 53410 
5 54972 
5 56508 
5 5801S 
5 5‘>504 
5 60968 
5 62409 
5*63827 
5*65227 
5 66602 

4 07962 

Z 15630 

5 22082 

4 29210 

5 3'i290 

5 40976 

5 46318 

5 51354 

5 o0l21 

5 69643 

5 64947 

5 0)050 

5 72974 

5 70731 
1*80335 

5 83800 

5 87134 

5 90340 

4 9.454 

5 M045-2 
590355 

3" 02106 

2 04892 
$ 0753S 

8 10109 

3 1260O 

3 15039 

3 17406 
3*19713 

3 21962 

3 2415S 

3 26301 

3 28396 

3 80442 

3 82445 

3 34403 

3 36320 

3 38200 

3 40039 
3*41843 

3 43613 

3 45349 

3 47052 

3 48724 

3 50366 

3 51980 
3*53566 

3 55126 

3 56660 

3 58169 

3 69653 

3 61113 

3 62551 

3 G396S 
3 65862 
3 66739 
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T AISLE II (Continued) 


a 

0 

1 

2 

3 

4 

6 

6 

7 

8 

2b 

9 

oooooooooooooooooooooooooooeoocooooooooooooooooooooooooooooooo 

§ 66878 
§ 6S22b 

8 b‘)560 

H 70875 

3 72172 

2 73405 

3 74711 

3 75066 

3 77185 

3 78098 

8 70595 

3 b0778 

8 S1945 
3S31Q0 

2 S4239 

3 85S3b 

3 86478 

3 87579 

3' 88Gb& 

5 80742 

Z 90805 

3 91857 

3 92807 
3 93026 
S 94944 
3 95952 
§ 96949 
3 97‘»35 
3 <»891S 
3 99879 
2 00837 
2 01785 
2 02725 

2 08050 

3 04576 
2 13339 
2 21388 
2 28836 
2 35770 
2 42270 
2 48306 
2 54182 
2 50673 
2 0490L 
2 69S97 
2 74681 
2*70275 
2 88697 
2 87961 
2 92082 
2 91)071 
3*99940 
1*03009 
1*07354 
I 10914 
1*14387 
I 17779 
I 21095 
I 24342 
I 275J3 
1 30642 
1*33700 

3 07010 

3 08460 

3 09098 

3' 73000 

3 72S00 

3 73577 

3 74838 

3 76081 

3 77808 

3 78519 

3 79714 

3 50895 
382062 
383215 

3 S4S52 

3 85477 

3 80588 

3 870SS 
5 88775 
3*89849 

3 90010 

2 91902 

3 93001 
3 94029 
3 95045 
3 96052 
3 97048 
3 98034 
3 99010 
3 99970 
2 00932 
2 01880 
2 02818 
2 03740 
2 054S8 
2 14174 
2 22159 
2 29552 
2 30455 
2 42905 
2 48990 
2 54745 
2 00208 
2 65411 
2 70385 
275148 
2 79724 
2 84129 
2*88380 
292486 
296464 
100321 
104069 
I 07713 
I 11226 
1 14780 
I 18115 
121423 
124661 
127838 
i‘S0952 
1*34000 

3 67147 

3 68495 

5 09824 

3 71136 

3' 72429 

3 73704 

3 749n3 

5 70203 

3 77428 

3 7a689 
3*79832 

3 81013 

5 82178 

3 83329 
3*84405 
5*85590 
3*80099 
5*87797 
3*88882 
3*80956 
3*91017 
3*92066 
3*93104 
5*94150 
3*95147 
3 96161 

5 97147 
5*98133 
3*99107 
2*00078 
2*01029 
2*01976 
2*02911 
2 03839 
2*00892 
2*15003 
2*22928 
2 302o2 
2 37109 
2*43528 
2*49580 
2 5580S 
2 00739 
2*65919 
2 70870 
2 75615 
2 80172 
2 84562 
2 88797 
2 92890 
2 96S54 
1*00701 
I 04438 
1 08073 
1 11616 
115071 
118449 
I 21750 
I 24983 
I 28150 
X 31260 
134312 

307281 

5 O^blO 

2 00950 
3*71265 

5 72553 

5 74830 

3 75087 

5 70320 

3 77551 

3 78768 

3 79951 

3 81180 

3 82293 

3 83442 

5 84579 

3 85701 

5 80810 

3 87907 

5 88991 

3 90002 

5 91122 
392109 

5 93207 

3 94232 

3 95248 

5 90262 

3 97240 

5 98230 
3 99204 
2 00168 

2 01124 

2 02008 

2 03004 
2 03932 
2 07289 
2 15824 
2 23682 
2 30908 
2 87770 
2 44150 
2 50155 
2 65859 
2 6126S 
2 00426 
2 71354 
270079 
2 80018 
2 84992 
2 S92L2 
2 93292 
2 97215 
I 01079 
I 04808 
X 08482 
X 11965 
I*16412 
I 18781 
1 22075 
I 25301 
1*28464 
I 81568 
i*34615 

2 07418 

3 0^702 

3 70089 

3 71396 
3 72684 

3 7S937 
3 75212 
3 70461 
3 77672 
3 78879 
5 80070 
3 81247 
3 82410 
383657 
3 81G92 
3S5S11 
3 80921 
3 88016 
3 89097 
3 90169 
3 912*26 
3 92274 
3 93310 
3 94335 
3 95349 
3 96358 
3 97345 
3 98328 
3 99300 
2 00261 
201218 
2 02IC2 
2 03099 
2 04025 
2 08173 
2 10037 
2 24434 
231C6S 
2 3S425 
244767 
2 50747 
250412 
2 617‘»5 
2 0692O 
2 71835 
2 76540 
281064 
2 S5421 
2*89626 
2 03692 
2 97032 
X 01456 
I 05173 
108790 
X 12318 
1*15754 
X 19115 
I 22403 
X *25023 
128777 
X 31874 
I 84817 

3 67553 
§ 6S895 

5 70220 
3 71024 

3 72813 
3 74084 

1 75337 

3 70»>73 
3 77794 
g 7899‘) 

g 80188 
3 81263 
g 82524 

3 83672 
3 84805 
3 85'i24 
g 87029 
g 88125 
g 89206 
g 90276 
g 91333 
3 92379 
g 98412 
3 94436 
3 95450 
g 96452 
3 97448 
3 98425 
g 99397 
S 00559 

2 01313 
202256 
2 03191 
2 04116 
2 09056 
217446 
2 25181 
2 32364 
2 39077 
245380 
2 51827 
2 56963 
202818 
2 07426 
2 72318 
277001 
2 81506 
285848 
290039 
2 94092 
2 98021 
I 01832 
I 05537 
X 09145 
I 12662 
X 16093 
119446 
X 22726 
1 25940 
120090 
132181 
1*35218 

3 67687 

3 69030 

3 70350 

3 71065 

3 72940 
3*74208 

3 75461 
3*70696 

3 77915 
3*79118 

3 80307 

3 81480 

3 82639 
3*33784 

3 8491S 
3*8b035 
3**87140 

3 88233 
5*89313 

3 90380 

3 91438 

3 92481 

3 93515 
3*94539 
3*95561 
S*90u52 
3*97542 
5*08624 
3*99494 
2 00450 
2 01408 
2*02860 
2 03284 
2 04J08 
2*09928 
2*18247 
2*25928 
2*33057 
2*39724 
2*45990 
2 51906 
2*67509 
2 02840 
2*67926 
2 72792 
2*77458 
2 81U48 
2 88273 
2 90451 
2*94491 
2 9S400 
102208 
1*06904 
1 09601 
1*13008 
1*16482 
I 19778 
I 23051 
I 26258 
I 29401 
I 824S7 
I'85502 

3 67824 

3 69162 
§ 70483 

S 71784 

3 73068 

3 74335 

3 76584 

3 70819 

3 78036 

S 79289 

3 80426 

3 81597 

3 82754 
388699 

3 85028 

3 8ol46 

3 87251 
388842 

3 8 1420 

3* 90489 

3 91543 

3 92586 

8 98618 

3 94640 

3 05651 

3 9o651 

3 97641 

3 98621 

3 99,j91 

2 00551 

2 01503 

2 02443 

2 03377 

2 04301 

2 10791 

2 19042 

2 26059 

2 33743 

2 40369 

2 40697 
2 52479 

2 58054 
2 68359 
2 68422 

2 73267 
2 77916 
2 82888 
2 86698 
2 90861 

2 94887 
2 98792 
I 02582 
I 06267 
I 09866 
I 13356 
116790 
X 20108 
X 23375 
X 26676 
I 29718 
i*82794 
1*86819 

3 07959 

3 69295 

3 70014 

3 71914 

3* 78195 

3 74400 

3 76709 

3 76942 

3 78150 

3 79357 

3 80542 

3 81713 

3 82871 

3 84012 

3 85141 

3 80250 

3 87360 

3 88449 
3 89528 

3 90594 
3 91047 

3 92089 

3 93721 

3 94742 

3 95752 

3 9o760 

3 97740 
398718 

3 99088 

2 00648 

2 01598 
2 02638 
2 03470 
2 04392 
2 11048 
2 19829 

2 27890 
2 34425 

2 41008 
2 47201 

2 53050 
2 58597 
2 63876 
2 08917 
2 73739 
2 78371 
2 82824 
2 87121 
2*91268 
2 95284 
2 99175 
I 02954 
X 00630 
I 10210 
X 18699 
X*17108 
X 20437 
X 28608 
X 26891 
X 30022 
X 33098 
I 36119 

2 68093 

3 G9428 
g 70744 

3 72043 

3 73124 
g 74587 
375833 

3 77062 

3 78227 

3 79176 

3 bOOol 

3 81SS0 

8 82^85 

3 84126 

8 85254 
380307 

3 87408 

3 S855S 

3 89(135 
g «0099 

3 91752 

3 92794 

3 93823 

3 94843 
g 95851 

3 90851 
g 97838 
398816 

3 99784 

2 00742 
201690 
202031 

2 03563 

2 04475 

2 12408 

2 20012 

2 28116 

2 35102 

2 41045 

2 47800 

2 53618 
259136 
2*64390 

2 09407 

2 74212 

2 78823 

2 83263 

2 87542 
2*91676 

2 95678 

2 99558 

X 03326 
106998 

I 10602 

X 14044 

I 17443 

I 20768 

X 24020 

X 27208 

X 30332 

I 33403 

X 36419 
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a 012 3 4 5 6 7 8 


0 38 1 36717 1*37015 1 87313 1 37611 137908 1 3S204 1 38501 1*38796 1*39091 1*39386 
0 39 13Q679 1 39974 1 40268 1 40559 1 40853 1 41144 1 41436 1*41726 1 42016 1 42307 

0 40 1 42597 1 42885 1 4817o l4346> 143751 144040 1 44327 1*44613 1 44900 1 45185 

0 41 145471 146766 1 4C042 1 46326 I46bl0 1*46894 1 47177 147461 147744 1 48024 

0 42 1 48807 1 48588 1 48869 1 49150 1 49432 1 49711 1*49901 150271 1 60548 1 50828 

0 43 1 61107 1*51346 1 51661 161941 162216 1 52493 1 52770 1*63045 1 53320 1 68596 

0 44 1 63871 I 54147 1 64421 1*54694 1 64909 I 55243 I 55515 1 66789 I 6(j062 I 56335 

0 45 I 56606 I 50879 1 57140 1 57421 1 67693 I 57962 1*58232 1 68504 1 58774 I 59042 

0 46 I;69313 1 59581 159850 1 60119 1 60388 1 60656 1*60924 1 61191 161459 1 61725 

0 47 1 61992 1 62258 1 62525 1 62791 163067 1*63322 1*63589 1 63854 1 64119 1 64384 

0 48 1 64048 1 64913 1 65177 1 65441 165705 1 65967 1 60232 1 66494 1 66757 1 67020 

0 49 I 67283 I 67544 1 67808 1 68009 1 68831 I 68503 I 68.-53 1 69115 1 69876 1*69636 

0 50 1 69897 1 70158 1 70417 1 70678 1 70988 1*71179 1 71457 1 71717 1 71976 1*72236 

0 51 172494 1 72758 1 73012 1 73271 173528 1*73788 1*74045 1 74303 1 74661 174819 

0 62 1 75076 1 75334 1 76691 1 75848 I T6105 1 76363 1 76620 1 76876 1 77132 1 77390 

0 53 1 77646 1 77901 178157 1 78414 I786b9 1*78925 1*79180 1 70486 179692 1 79048 

0 64 1 80202 160459 1 80713 1 80968 1 81224 1 81479 1 81782 I S1988 1 82242 1 82496 

0 55 1 82751 183005 1 83260 1 83515 1 83760 1*84022 1 84276 1 84532 1 84784 1*85038 

0 56 1 85293 1 85546 I85S01 186064 1 86307 1*86561 1*86815 1 87067 1 87822 1*87674 

0 57 1 87827 1 88082 1 883i6 1 88587 1 8S841 1 89095 1 89347 1 89602 1 89855 1*90108 

0 58 1 90361 1 90615 1 90866 1 91120 1 91873 1*91627 1 91880 1 92183 1 92886 1*92640 

0 69 1 92892 1 93146 1 9J398 1 93651 198905 1*94168 1 94412 1 94663 1 94917 1 95172 

0 60 1 96624 1 95677 l9B<»32 1 06185 1 96438 1*96642 106944 1 97199 1 97451 1*97706 

0 61 I ‘17900 I <18213 1 98467 1 98721 198475 1*94230 1 99483 1 99788 1 99942 0*00246 

0 62 0 00500 0 00754 0 01009 0 01264 0 01517 0*01773 0 02027 0 02283 0 02538 0*02793 

0 63 0 03048 0 03303 0 03554 0 03813 0 04070 0*04825 0 04582 0 04837 0 05093 0 05849 

0*64 0 05606 0 05863 0 06120 0 06375 0 06633 0 06889 0 07146 0 07403 0 07663 0 07917 

0 65 0 08175 0 08433 0 08642 0 08449 0 09208 0*09466 0 09724 0 04985 0 10243 0 10503 

0 66 0 10760 011020 011280 011539 011800 0*12060 0 12319 0 12582 0 12842 0*13108 

0 07 0 13363 0 13624 0 13887 0 14149 0 14410 0*14672 0 14935 0 15198 0 15460 0-15723 

0 68 0 15487 0 16251 0 10613 0 16778 0 17048 0*17807 0 17671 0 17&38 0 18103 0*18368 

0 69 0 18634 0 18900 0 19167 0 14432 0 19700 0*1996b 0 202^5 0 20502 0 20771 0*21039 

0 70 0 21308 0 21577 0 21846 0 22166 0 22383 0*22656 0 22425 0 23197 0 234bS 0*28741 

0 71 0 24012 0 24284 0 24557 0*24880 0 25103 0*25378 0 25660 0 25425 0 26149 0 2t)475 

0 72 0 26750 0 27028 0 27306 0 27580 0 27857 0 28075 0 28413 0 28640 0 28964 0 24249 

0 73 0 24528 0 29S09 0 30080 0 30369 0 80652 0 80933 0*31216 0 31448 0 31782 0*32064 

0 74 0*32349 0 32634 0 32918 0 83205 0 33490 0 S3778 0 34075 0 34352 0 84640 0 34929 

0 75 0 35218 0 35508 0 35799 OS6088 0 36380 0*36678 0*36405 0 37259 0 37552 0*37846 

0 76 0 38141 0SS436 0 88732 0 S9029 0 39327 0 39625 0 84924 0 40224 0 40523 0 40825 

0 77 0 41125 0 41426 0 41731 0 42033 0 423^7 0 42642 0 42947 0 43254 0 43561 0*43869 

0 78 0 44176 0 44486 0 44796 0 45106 0 45419 0*45730 0 46043 0 46356 0 46672 0*46988 

0 79 0 47304 0 47621 0 47940 0 48257 0 48577 0*48899 0*49219 0 49542 0 4^865 0*50190 

0 80 0 50515 0 50841 0 51167 0 51497 0 51826 0*52157 0*5248$ 0 52818 0 53152 0*53487 

0 81 0 53823 0 54158 0 54496 0 54834 0 55173 0*55515 0*55856 0 56199 0 56543 0*56888 

0 82 0 57235 0 57583 0 57932 0 f 8283 0 58635 0*58986 0 5<»341 0 59697 0 60053 0*60410 

0 83 0 60771 0 61131 0 61493 0 01858 0 62223 0*62590 0*62958 0 63327 0 63696 0 64069 

0 84 0 64444 0 64820 0 C5196 0 63576 0 65956 0*66339 0*66722 0 67107 0 07496 0 67884 

0 85 0*68275 0 68667 0 69059 0 69468 0 69857 0*70257 0 70658 0 71062 0 71467 0 71869 

0*86 0 72287 0 72699 0 73114 0 73580 0*73948 0*74871 0 74794 0 75219 0 75647 0 76077 

0 87 0 76510 0 76945 0 77383 0 77822 0 78265 0*78711 0*79158 0 79609 0 800b2 0*80619 

0 88 0 80978 0 81441 0 81906 0 82373 0 82844 0*88318 0*83796 0*84276 0 S4G90 0 85248 

0 89 0 86789 0 86283 0 86730 0 87232 0 87737 0 88243 0*88759 0 89274 0 89796 0*90320 

0 90 0 90848 0 91380 0 01910 0 92461 0 93007 0*93558 0*04113 0 94674 0 95239 0 95808 

0 91 0 96384 0 96965 0 07550 0 98142 0 98740 0 99342 0'<*9952 1 00566 1 01187 1*01815 

0 92 1 02449 1 03089 1 03737 1 04391 1 05053 1*05722 1*06399 1 07084 1 07777 1*08478 

0 93 1 09186 1 09903 1 lObSS l*113b9 1*12116 1*12871 1*13638 114414 116201 1*16001 

0*94 1 16811 1*17633 1 18467 1 19243 1 20175 1 21010 1*21989 1 22842 1 23762 1*24697 

0 95 1 25647 1 26616 1 27604 1 28608 1 29634 1 30679 1*31747 1 S28S5 1 33949 1 35086 

0 96 1 ^6248 1*37488 1 38658 1 39' 06 1 41186 1 42499 1*43838 1 45235 1 46661 1*48128 

0 97 1 40642 1 51204 1 52818 1 54486 1 5G215 1 58006 1 50860 1 61805 1 63S26 1 65934 

0 98 IbSUi 1*70859 1 72896 1 70465 1 7S1SS 1 81079 1*84103 1 87470 1 91034 1 94001 

0 99 190128 2 U37<J0 2 08993 2 14880 2 21063 2 2<J007 2 39446 2 52028 2 69723 2 99914 


S,0. II, 


Q 
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TABLE III 

ELECTRO-AFFINITIES AT 18" 



EP 

EPc 

EP;, 

Zinc 

^0 493 

-1053 

-0 770 

Cadmium 

-0143 

-0 703 

- 0 420 

Iron 

-0 063 

-0 623 

-0 340 

Thallium 

-0 045 

— 0 605 

-0 322 

Cob.ilt 

•±0 043 

-0 603 

-0 320 

Nickel 

+0 049 

-0 609 

- 0 327 

Lead 

±0129 

-0 431 

-0 148 

Hydrogen 

+0 277 

-0 283 

±0 000 

Copper 

±0 G06 

±0016 

±0 329 

Mercury 

±1027 

±0 467 

±0 750 

Silver 

±1075 

±0 515 

±0 798 

Platinum 

±1 140? 

±0 580? 

±0 863? 

Gold 

±1 356? 

±0 796? 

±1 079? 

Fluoiine 

±2-240? 

±168? 

±1 963? 

Chlorine 

±1 680 

±1120 

±1 403 

Bromine 

±1372 

±0 812 

±1095 

Iodine 

±0 90o 

±0 345 

±0 628 

Oxygen 

±0 670 

±0110 

± 0 393 


The values EP are calculated on the basis that the calomel 
electrode = •+•() 560 'volts, EP^, on the basis that the calomel electrode 
= ±0 0, and the values EP* that the hydrogen electa ode =0 0 
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TABLE IV 

TRANSPORT NUMBERS OF ANIONS ^ 


'y= Grain equivalents per litre 


v = 

0 01 

0 02 

0 05 

01 

0 2 

0*5 

1 0 

1 5 

20 

KOI 

0 506 

0 507 

0 507 

0*508 

0 509 

0 513 

! 

0 514 ; 

0*515 

0*515 

KBr 

0*506 

0 507 

0 507 

0 508 

0 509 

0 513 

0 514 ' 

0 515 

0 515 

KI 

0 506 

0 507 

0 507 

0 508 

0 509 

0 513 

0 514 ‘ 

0 515 

0 515 

NH4CI 

0 506 

0 507 

0 507 

0 508 

0 509 

0 513 

0 514 

0 515 

0 515 

NaOl 


_ 

0 614 

0 617 

0*620 

0 626 

0 637 

' 0 640 

0 612 

KNO, 

_ 

_ 

— 

0*497 

0 496 

0 492 

0 487 

1 0 482 

0 479 

NaNOa 

__ 

_ 


0 615 

0 614 

0 612 

0 611 

0 610 

0 60S 

AgNOs 

0 528 

0 528 

0 528 

0 528 

0*527 

0 519 

0 501 

0 487 

0*482 

KOH 

_ 

_ 

_ 

0*735 

0 736 

0 738 

0 740 

I 

— 

NaOH 

— 


0 81 

0*82 

0 82 

0 82 

0 825 

1 

— 

HCl 

— 

— 

0172 

0*172 

0 172 

0 173 

0 176 

1 0 ISO 

0 185 

iBaClo 

0 56 

0 505 

0 575 

0*585 

0 595 

0 615 

0 640 

0 630 

0 657 

^CaClo 

0 58 

0 59 

0 01 

0 64 

0 66 

0 675 

0 686 

0 695 

0 700 

iKpOa 

— 

_ 

0 39 

0*40 

0*41 

0 435 

0*434 

0 4-21 

0 413 

ilSTa^CO, 

— 

— 

0 52 

0*53 

0 53 

0 54 

0 548 

0 546 

0 542 

J^CuS 04 

— 

0 62 

0 626 

0 632 

0 643 

0 668 

0 696 

0 714 

0 720 

iHoS04 

— 

— 

0 193 

0*191 

0188 

0 182 

0 174 

0 169 

0 168 


^Xohliauscli and Holborn, Lcitvermoyen der Eleltioli/te 
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TABLE V 


IONIC CONDUCTIVITIES (Mobilititb)* 



Bl 

H 


NH4 

Ag 


^Ca 

iMg 

H 

0 0000 

65 3 

44 4 

35'5 

64*2 

65 7 

57 3 

53 0 

49 

318 

0 0001 

64 7 

43 8 

34 9 

63 G 

55 4 

55 0 

50 6 

47 

316 

0 0002 

64 4 

43 6 

34 7 

63 4 

551 

54 3 

50 0 

46 

316 

0 0005 

641 

43 3 

34 4 

63 0 

549 

53 3 

48 9 

45 

315 

0 001 

63 7 

42 9 

34 0 

62 7 

54 7 

52 2 

47 8 

43 

314 

0 002 

63 2 

424 

33 5 

62 2 

54 2 

50 7 

46-4 

42 

313 

0 005 

62.3 

414 

32 6 

612 

53 2 

48 2 

43 9 

40 

311 

0 01 

613 

40 5 

316 

60 2 

619 

45 7 

41 4 

37 

310 

0 02 

600 

39 2 

30 3 

59 0 

500 

42 7 

38 3 

34 

307 

0 03 

59 2 

38 3 

29 4 

581 

48 6 

40 5 

3G1 

32 

305 

0’05 

57 9 

37 0 

28 2 

56‘8 

466 

37 7 

33-4 

29 

302 

0*1 

56 8 

30 6 

261 

54 8 

43 3 

338 

29-4 

25 

296 


Nomal 

Coiicontiation 

01 

I 

NO, 

0,HA 

iSOi 

JCA 

iCOa 

on 

0 0000 

65 9 

66 7 

608 

33*7 

69 7 

63 



174 

omi 

65 3 

661 

60 2 

331 

67 2 

61 

— 

172 

0 0002 

651 

65 9 

600 

33-0 

06 6 

60 

— 

172 

00005 

64 8 

65 5 

59 6 

32 8 

654 

59 

— 

171 

0001 

64 4 

65*1 

59*3 

32 6 

64*0 

58 

09 

171 

0-002 

63 9 

64 7 

58-8 

32-4 

62 3 

66 

66 

170 

0 (^05 j 

630 

63 7 

57-8 

31-6 

59 3 

54 

60 

168 

0-01 

620 

62 7 

56 8 

30 8 

561 

51 

55 

167 

002 1 

60*7 

616 

55-6 

29*8 

52 3 

48 

50 

165 

0 05 

58 6 

59 3 

53 4 

28*0 

461 

43 

43 

161 

0-1 

56 5 

57 3 

51*4 

26-4 

41*9 

39 

38 

157 


1 Kohlrausch and Holbom, LeUvermoffeyi der EhUroliite 
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TABLE Via 

EQUIVALENT CONDUCTIVITY ^ AT 18“ 


Noimal 

Conceiitiatioii 

KCl 

NaCl 

KNOa 

NaNO^ 

AgNOa 




0 0001 

1295 

109 7 

1217 

103 7 

115 5 

133 5 

1105 



0 0002 

1291 

109*2 

124 3 

103 3 

115*2 

132 7 

109 6 

— 

0 0005 

128 3 

108*5 

123 6 

102 5 

114*5 

130 8 

108 3 

_ 

0 001 

127 6 

107*8 

122 9 

1018 

114*0 

129 0 

300 7 

1120 

0 002 

126 6 

106 7 

122 0 

100 7 

113 0 

126 3 

104 8 

108 5 

0 005 

124 6 

104*8 

120 1 

98 9 

111 0 

121 9 

100*8 

102 5 

0 01 

122 5 

102*8 

1181 

97 1 

108 7 

117 4 

96 8 

96 2 

0 02 

120 0 

100 2 

115 2 

95 0 

105 6 

1118 

91*9 

89 5 

0 05 

1159 

95*9 

110 0 

914 

100 1 

102 5 

83*9 

80 3 

01 

111 9 

92*5 

104 4 

87 4 

94 7 

95 9 

78*4 

72 9 

02 

107 7 

88 2 

98 6 

82 3 

88*1 

88 9 

71*4 

65 6 

05 

102 3 

80 9 

89 7 

74*2 

77 8 

78 7 

59-7 

54 5 

10 

98 2 

74*4 

80 4 

66 0 

67*8 

71*8 

50*8 

46 5 

2-0 

92 6 

64 8 

69 4 

54 5 

55*8 

— 

40 0 

34 5 


1 jKohliausch aad Holborn, Leitvcrmogcn der ElcUroli/te. 
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TABLE Ylb 


EQUIVALENT CONDUCTIVITY i AT 18° 


Normal 

Concentration 

^^ 0 nS 04 

KOH 

NaOH 

NH 4 OII 

HCl 

UNO, 

^HoS 04 

CSHiOa 

0 0001 

113 3 



_ 

66 0 

_ 



_ 

107 0 

0 0002 

111 1 


— 

53 0 

! 

— 


80 0 

0 0005 

106 8 

_ 

— 

38 0 

— 


368 

57 0 

0 001 

1016 

234 

208 

28 0 

377 

375 

361 

41 0 

0 002 

93 4 

233 

206 

20 6 

376 

374 

351 

30 2 

0 005 

81*5 

230 

203 

132 

373 

371 

330 

20 0 

0 01 

72 2 

228 

200 

90 

370 

368 

308 i 

14 3 

0 02 

63 0 

225 

197 

71 1 

367 

364 

286 

10 4 

0*05 

51 4 

219 

190 

46 

360 

357 

253 

6 45 

01 

45 0 

213 

183 

33 

351 

350 

225 

4 60 

02 

39 2 

20G 

178 

23 

342 

340 

214 

3 24 

0 5 

30 8 

197 

172 

1 35 

327 

324 

205 

2 01 

1*0 

25 8 

184 

160 

0 89 

301 

310 

108 

1 32 

20 

201 

161 

131*4 

0 532 

254 

258 

183 

0 80 


iKohlrausch and Holborn, Ldtvcrmofjcn der Eleitrolyte. 
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TABLE Vir 

VAPOUE PEESSUEE OP WATER 


Temperatiii e 

Vapoui Picbsiue 

4° 

G 0 mill 

5" 

6 5 „ 

6" 

6 9 „ 

7" 

7 5 „ 

8° 

80 „ 

9“ 

85 „ 

10° 

92 „ 

11° 

9 8 „ 

12° 

105 

13° 

112 „ 

14° 

119 „ 

15° 

12 7 „ 

16° 

13 5 „ 

17° 

14 4 „ 

18° 

15 3 „ 


Tempeiiituie 

Vapoui Pressure 

19° 

16 4 Dim. 

20° 

17 4 „ 

21° 

18 5 „ 

22° 

19 6 „ 

23° 

20 9 „ 

24° 

22 2 „ 

25° 

23.5 „ 

26° ! 

23 0 „ 

27° 

26 5 „ 

28° 

28 1 „ 

29° 

29 8 „ 

30° 

315 „ 

31° 

33 4 ,j 

32° 

35 '4 „ 

33° 

37*4 „ 




INDEX 


PAGE 

a. I ays 224 

Abegg and 8peiiccr . . 1^9 

Absolute velocity of 10ns 86 

determination of. Lodge’s 

method 86 

Orme Masson’s method 91 
Steele’s ,, 92 

Whetham’s ,, SO 

Absorption of 7 1 ays by metals ‘225 
Acetic acid, bimoleculai, 

dissociation of . .29 

heat of ionisation of . . 172 

ionisation of . . . 6‘2 

moleculai conductivity of 62 
partition coefficient of, m 
benzene and water . 27 

relative strength of . .69 

Acids, avidities of . 8, 173 

basicity of ... 66 

relative strength of . 8, 69, 173 
Active mass . . 3 

Air-tightrotaryinerciiryjoint 16 
Amalgams, electro motive 

force of. . . . 134 

Ammonium nitiate solution, 

heat of dilution of . 179 

Ampere, definition of . .36 

Aniline, estimation of . .33 

Anions, transport numbers 

of (Table) . . 243 

Astrakanite, transition point 

of 196 

Avidities of acids. . 8, 69, 173 

^ rays 224 

Barium oxalate, solubility of 74 
sulphate, solubility of . 74 

Bams and Strouhal . . 43 

Baryta, heat of ionisation of 173 
solution, preparation of . 10 


PAGK 

Bases, lelative stiengtli of 20, 69 
Basicity of acids . . .66 

of citric acid . . 68 

Beckmann thci mometers . 106 

Benzoic acid, heat of com- 
bustion of . 189 

Berthelot . . . 103 

Bimolecular acetic acid, dis- 
sociation of . . . 29 

reactions . . . 18 

,, equation of velo- 
city of . . 5 

Boimdaiy between electro- 
lytes, maintenance of . 90 

Box, iesistance,descnptionof 47 

calibiation of . . .48 

Bredig . . . 8 


Biciner Frowein teiisimetei 197 
Biidge wire, calibiation of 42-46 


desciiption of . . .41 

drum ... 41 


Brislee and Luther . 140 


Burnt platinum electrodes . 140 


Cadmium amalgams, electro- 


motive foi CO of 

. 137 

cell .... 

. 107 

,, preparation of . 

. 107 

,, temperature, cooflieient 

of . 

. 109 

Calibration of, adjustable 

condensers . 

. 101 

bridge wire 

42 46 

resistance box . 

. 48 

Calomel electrode 

. 122 

preparation of . 

122 

electromotive of 

. 124 

temperature coefficient of 124 

Calorie, definition of . 

. 163 

laige. 

. 163 
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INDEX 


PAGE 

Calonmeter, description of 165 

determination of watei 
value of . 188 

Caloiimctiio bomb 185 

Cane sugar, hydrolysis of, 

by acids . . 13 

Capacities, comparison of . 96 

Capacity of electrometer . 214 
resistance of cell . 57 

Capillaiy clcctiometer . 110 
cleaning of . .114 

sensitiveness of .114 

theory of . . 112 

Carbonate clecti ode, elcctio- 

atoity of . . 149 

Carbon monoxide, detection 

of traces of . . 190 

Caustic soda, prepiration of 
pure ... 67 

Cell constant . 57 

Cell, origin of electromotive 

force m a . ♦ 118 

Weston, electromotive 
foice of . . 109 

Weston, preparation of . 100 
„ tempeiatuio co- 


efficient of , . 109 

Cells, concentration . . 129 

standard . . . 106 

„ testing of . 115 

with eleotiodes of dilFcicnt 
eoncontiation . 134 

Centuple calorie, definition of 1 63 
Chemical change, velocity of 3 
reactions, energy changes 


in .... 162 

Chlonne ion, transport num- 
ber of . . . .85 

Coefficients, partition . . 25 

Coil, induction ... 50 

Nemst . . . .60 

Colloidal platinum, prepara- 
tion of . . . . 8 

Combustion, heat of . .184 

Companson of capacities, 

Palaz method . . 96 

of radioactivity of thonum 
and uranium xutiatcs . 222 
Concentiation cells . .129 

effect of, on potential . 128 


PAOR 

Condensers fordetermination 

of dielectric cui lent . 98 

Conductivity of acotio aoid . 62 

of distilled water • , 61 

of clecti olytes ... 36 

vessels ...» 51 

,, steaming out . 54 

water ... 55 

,, resistance of . . 56 

definition of . 37 

equivalent . . 37 

influence of tcmpeiatuie 

on 59 

influoiioo of substitution on 70 

ionic . . 78, 244 

niolcculai, definition of 38 

,, of hydiochloiic 

acid . . 66 

specific, definition of . 37 

, , of potassium cliloi ido 58 

Constant, distiibution . 25 

Contact potential . .118 

calculation of . . .144 

oil mi nation of . .119 

Copper amalgam, electromo- 
tive force of . . .137 

electrodes, pi cparation of . 125 
in copper sulphate, poten- 
tial difference of . 125 
sulphate, heat of hydration 
of .... 181 
voltameter . . 82 

Oonection for radiation . 169 
Coulomb, definition of . . 36 

Cumming’s method for deter- 
mining transition points 198 
Cupno chloride, heat of for- 
mation of . . - 182 

Current, saturation . . 213 

Decay, rate of, of thorium X 222 
of radium emanation 226 

Decomposition of hydrogen 

peioxide . . 8 

Degree of hydrolysis, deter- 
mination of ... 20 

of ionisation . 64 

,, of acetio acid 62 
I „ of hydrochloric 

acid . . 66 
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PAGE 

4)etermination of hydrolj^sis 

of salts . 31 

of the ordei of reaction . 21 

of solubility of sparingly 
soluble salts 73, 151 

Dew-point method for transi- 
tion points . 198 

Diazobenzene chloride, pre- 
paration of . . 16 

velocity constant of . 15 

Di-chlor acetic acid, lelative 

strength of . . 69 

Dielectric constant . 95 

determination of, Diude 

method . . 102 

Nernst method . . 96 

Dilatometer .... 192 

filling of . . 193 

Dilatometric method for tran- 
sition points . . . 192 

Dilution law , 64, 69 

heat of . 177 

,, of ammonium nit- 
rate solution . 179 
Distilled water, conductivity 
of . . .61 

Distribution constants 25 

in associating solvents 26 

Dissociation constant . . 65 

Dolezalek electiometor . 210 
protection of, from electro- 
static charges . .211 

Drude’s method foi de- 
tei mining dielectiic con- 
stant . . . 102 

Drum bridge wire . . 41 

Dunstan and Thole . . 207 

Earthing key for radioactive 

measurements . 212 

Electro-aflSnity . . , 128 

-afSnities (Table) . . 242 

-af&nity of a carbonate 
electrode . . . 149 

Electro-conductivity method 

for transition points , 203 
use of, in volumetric an- 
alysis ... 71 

Electrode, calomel . . 122 
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OviiTs Fasti. Translated by Henry T. 
Riley, M.A. 3 vols Books I. and II.— 
Books III. and IV.— Books V. and VI. 

— Tnstia. Translated by Henry T. 
Riley, M.A. 

Plato : Apology of Socrates and Crito (x vol >, 
Ph^do, and Protagoras. Translated by H 
Cary, M A. 5 vols. 

PUkUtas: Tnnuxnmus, AululaJia,Menschmi, 
and Captivi. Translated by Henry T. 
Riley, M, A. 4 vols. 

Sophodea Translated by E. P. Cole- 
ridge, M.A. 7 vols. Antigone— Philoc- 
tetes— CEdipus Rex— CEdipns Coloneus— 
Electra— Tnacbmise— Ajax. 

Thucydides. Book VI. Translated by 
£. C. Marcban^M.A. 

Book Vll. Translated by K. C. Mar- 

chant, M.A. 

Ylr^ Translated ^ A. Hamilton Bryce, 
LL.D 6 vols. Bucolics — Georgies — 
ASneid, x-3— ASneid, 4-6— ^neid, 7-0— 
iEncid, lo-ia. 

Xenophon’S Anabasis. Translated by the 
Rev. J, S. Watson, M,A. With Map, 3 
vols. Books I. and II.— Books HI., IV., 
and V.-Books VI. and VII. 

— — Hellenics. Books I. and II. Trans- 
lated by the Rev. H. Dale, M.A. 

Classics, see the Catalogue of Bohn*s 

forwarded on application, 
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MATHEMATICS 

Full Catalogue of MathmaHcal Books post free on appUcation 

Cambrige Matbematical Series 


Public School AnthmetLC. By W. M 
B\ksr, M.A , and A A Bourns, M,A 
31. 6d Or with Answers, 4s 6i 
The Student’s AtithmeUc. By W. M 
B^kxr, M a , and A. A. Bourns, M.A. 
With or without Answers ar 6 J. 

New School Arithmetic. By c. Pxndlz- 
BURY, M.A., and F. £ Robinson, MA. 
With or without Answers, 41. In 
Two Parts 21 td each. 

Key to Part 11 , 8i 6d net. 

New school Examples m a separate 
volume, 5s Or in Two Parts, is. 6d and 3/ 
AnthmetiC, with 8000 Examples. By C. 
Penblebury, M.A. 4^. 6d, In Two Parts. 
as, 6d, each. 

Key to Part 11 , fs. 6d, net 
Examples In Anthmetle Extracted from 
the above 31. Or in Two Parts, is, 6d, 
and as. 

Commercial Arithmetic. ByC. Psndle- 

BURY, M.A., and W. S. Beard, F R.G.S. 
as, 6d Part I. separately, is. Part 11 ., is, 6d 
Anthmeldc for hidian Schools. By C. 

Pendlebury, M.A., and T S. Tait. 3/. 
Examples in Arithmetic. By C. O.Tucksy, 
M A. With or without Ansv^ers, 3s, 
Jimior Practical Uathematlca By w. 
J Stainer, B.A. as t with Answers, 
a\. 6d Part I., is 4d., with Answers, zx. 6d! 
Part II , IX 4d. 

Elementary Algebra. By w. M Baker, 
M A , and A. A. Bourne, M A. With or 
without Answers 4s 6d In Two Parts 
Part I., 3X. 6d , or with Answers, 3x. Fart 

II. , with or y, ithout Answers, 3x. Cd. 

Key, zox. net , or in 3 Parts, 3 x. net each, 

Examples In Algebra. Extracted from I 
above W ith or without Ansvs ers, sx Or j 
in Two Farts. Part I , xx. id , or with 
Answers, sx. Fart 11 , with or without 
Answers, sx. 

Examples in Algebra. By c. O. Tuckey, 
M.A With or without answers 3x. 

— Supplementary Examples, td net 
Elemenwy Algetnra for use in Indian 
schools By J. T. Hathorntbwaitz, M. A 
ax. 

Choice and Chance. By W. A. Whit- 
worth, M.A. >js. id 

DCC Exercises, including Hints for 

the Solution of all the Questions lu “ Choice 
and Chance.'* 6s, 

Enc^d Books I —VI , and part of Book XI. 
By Horace Deiohton, M.A. 4x.6d., or 
Book I., IX. Books I. and II , xx, id. Books 
3 x. 6 d. Books L-IV , sx. Books 

III. and IV.. XX. id. Books V.— XI , sx. id 
Introduction to Eudlid. By Horace 

DEiGBT0N,M.A.,andO Emtaob, B.A.xx id, 
Euclid. Exercises on Euclid and in Modem 
Geometry. By J. McDowell, M A. is. 
Elementary Graphs. By W. M. Baesr, 
M A., and A. A. Bourne, M.A. id net. 


A New Geometry. B) W M. Baker, M A., 
and A. A. Bourne, M A. Crown 8\ 0. si id. 
Elementary Geometry. By W. M . Baser, 
M A., and A. A. Bourns, M.A. 4X. id. Or 
m Parts Book I., xx. Books I. and II., 
zx6d BooksI.III.,3x.5J. Books II. and III., 
IX. 6 i. Book IV., IX. Books I.-IV., y. 
Books II -IV , 3x id. Books III. and IV., 
IX. 6 J Book V., IX id. Books IV. and V., 
3 x, Books IV.-VIL, 3' Books V.-VII.. 
ax. id. Books VI. and VII , ix. id. 
Answers to Examples, id, net. Key, is, net. 
Geometry for schools. By w G. bor- 
CB^RDT, M.A., and the Rev. A. D. Perrott, 
M A Vol. L, IX.; Vol. II , xx. 6d.i Vol. 
Ill , IX. id, [Vols. IV..VI., tn the Press, 

Examples in Practical Geometry and 
Uensuration. B>J.VV. Marshall, M.A., 
and C. O. Tucket, M.A., zi. id 
A New Tcigcnometxy for Schools. By 
W G. Borch\rdt, M.A, and the Rev 
A. D. Perrott, M.A. 4X 6 d. Or m Two 
Parts, ax. 6 J. each. 

Key, zox. net; or m s Parts, jx. net each. 
Elemmitazy Tngonometxy. By Charles 
Pendlebury, M.A., F R A.S. ax. id. 
Short Course of ELexnentazy Plana Tii- 
~'>nometry* By Charles Pendlebury, 
;.A. as, id. 

Elementary Trigonometry. By j. M. 
D^er, M.A , and the Rev. R. H. Whit- 
combe, M.A. 4S, id, T 
Algebraic Geometry By w. M. Barr, 
M A. 6x. Part I. (The Straight Line and 
Circle), 3x. id. Key, is, id, net. 

Practical Solid Geometry. B> the Rev. 

Percy Unwzn, M A 4s id. 

Analytical Geometry for Beginners. 
ByRev.T.G.VYVYAN,M.A. Parti. The 
Straight Line and Circle, sx. id. 

Come Sections, treated Geometncally. By 
W. H. Bbsant, Sc,D., F,R.S. is.id. Key, 
is. net. 

Elementary Conics, being the Sist s chap* 
ters of the above, ax id. 

Comes, the Elementary Geometry oL 

By Rev. C. Taylor, D.D. jr. 

Differential Calculus for Beginners. 
By A Lodge, M.A. With Introductzon by> 
Sir Oliver Lodge. 41, id 
Integral Calculus linr Seginners. By 
A. Lodge, M.A. ax. id. 

Roulettes and Glissettes. By W. H. 

Bssant, Sc D , F.R.S. is. 

Geometrical (tetics. An Elementaiy 
Treatise by W. 5 . Alois, M.A, 4X, 
PracticalUafhematics. By H. A. Stern, 
M.A , and W. H.Topham. Sx.; or Part L, 
Sx. id , ; Part IL, sx. id r 

Elemental Bydrostatics. By w. H. 

Besant, Sc D. at. id. Solutions, $x net. 
Elements of Hydrostatics. By c M. 
Jeesop, M.A., and G. W. Caunt, M.A. 
a*. UA. 
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G. Bell y Sons' 


Cambridge Mathematical Series— eon^nuei 


Elementary Mechanics. By c. M . Jbssop, 
M A , and J, H. Ha\ block, M,A., D.Sc. 
41 U 

Enenmental Mechanics for Schools. 
^ Fred Charles, M A , and W. H 
Hewitt, B A , B Sc is bd 
me Student’s Dynamics. Comprising 
Statics and Kinetics By G M. Minchin, 
M A., F R S 31. 6d 

Elementary Dynamics By w. M. 
Baker, M.A, New Revised Edition, 41. 6d. 
Key, 101. 6d. net 

Elementary Dynamics. By W. Garneft, 
M.A.,D.C.L. 6i. 


Dynamics, a Treatise on. By W H, 
Besant, &c.U„ F R.S. los. 6d. 

Heat, An Elementary Treatise on. By W 
Garneit, M a , IJ C L. 41 6d, 

Elementary Physics, Examples and Ex- 
amination Papers in. By W, Gallaily, 
M A. 4^ 

Mechanics, A Collection of Problem*) in 
Elementary. By W. Walton, M.A. 6/. 

Uniform Volume 

Geometrical Drawing. For Army and 
other Examinations By R. Harris. 3 r 64 


The Junior Cambridge Mathematical Series. 


A Junior tothmetic. By C. Pen dlebury, 
M A., and B. £ Robinson, M.A. u 6d 
With Answers, ax 

Examples from a Junior Anthmetic 

Extracted from the above, u,, with 
Answers, is. 6d. 


A First Algebra. By W. M. BAriR, M A , 
and A A. Bourne, M.A. u. 6d , orwiih 
Answers, 2 s 

A First Geometry. B> w M Baifh, 
M A , and A A BotRvb, MA. With or 
without Answers is 6d 
Elementary Mensuration. By w M 
Baker, M A ,and A A Bulrsk,M A is 64 


Other Mathematical Works 


The Mathematical Gazette. Edited by 
W. J. Greenstreet, M a. Gen , March, 
Mayv July, Oct and Dec ) 1^. 6d net 
The Teaching of Elementary Mathe> 

matLcSj being the Reports of the Committee 
of the Mathematical Association. 64 net 
The Teaching of Mathematics m Pre- 
paratory Schools. Report of the MathI 
Assn Committee, Nov , 1907 $d. net 

The Teaching of Elementary Algebra 
and Numencal Trigonometry. Being 
the Report of the Mathi. Assoc Committee, 
X911. 3d. net. 

The Correlation of Mathematics and 
Science. Report of the Mathi. Assn 
Committee. 64. net. 


A New Shilling Anthmetic. By C 
Pknslbbury, M.A , and F. £. Robinson, 
M A 15 , or with Answers, is 44. 

A Shilhng Arithmetic. By Ckarlbs 
Pbndlbbury, M.A., and W. S, Beard, 
F.R.G.S. IS, With Answers, is 44. 

Elementary Arithmetic By the same 
Authors. IS 64. With or without Answers. 

Graduated Anthmetic, for junior and 
Pnrate Schools. Bv the same Authors. 
Farts I., IL, and III., 3 1, each ; Parts IV., 
V., and VI., 44. each ; Part VII , 64. 

Answers to Parts I and II., id, net, 
Parts III.-VII., 44. net each. 

Arithmetic for the Standards (Scheme 
standard I., sewed, 34 , cloth, $d , 
ll.. Ill , IV , and V.. sewed, 34 each, cloth, 
4d each, VI. and VII., sewed, 44. each, 
cloth, 64. each. Answers to each Stand- 
ard, 44 net each. 

TMt Cards in Arithmetic (Scheme B). 
ByC.PEKDLiBURY,M A. For Standards n , 
in., IV.. V, VI and VII. ix.net each. 


Examination Papers m Arithmetic. By 
C. Pknolxbury, M a. 3f.64. Ke>, Ss, net. 
New Edition. 

Bell’s New Practical Arithmetic. Ry 

W. J SiAiNtR, M A. Ibt, and, 3rd, 4tli, 
3th and 6th Years, paper, 34 each, cloth, 
44 each, 7th Year, paper, 44 , cloth, 64 
Teachers’ Books, 84. net each Year 
Bell’s New Practical Anthmetic Test 
Cards, for the and, 31 d, 4th, 5th, 6th, and 
7th years ix, id, net each 
Graduated Exercises In Addition < Simple 
and Compound). By W. S. Beard, ix 

Algebra for Elementary Schools. By 
W M. Baker, M a, and A. A Bourne, 
M.A. Ihree stages, 64 each. Cloth, 84 
each. Answers, 4X. net each 

A First Year’s Course iu Geometry 
and Physics. By Ermk&i Yoln(>, m a , 
B Sc ax. 64. Parts I. and II ix. 64 , or 
Part III IX 

Trigonometry, Examination Papers in. 

ByG. H Ward, M A. ax. 64 Key,3x net. 
Euclid, The Elements of The Enuncia- 
tionb and Figures. By the late J. Brakse, 
D D IX Without the Figures.* 64 
Hydromechanics. By W. H. Besam, 
Sc.D., and A S. Ramsey, M.A. Part I.. 
Hydrostatics. 6s 

Hydrodynamics and Sound, An Elemen- 
tary Treatise on. By A. B. Bass&i, M.A , 
FRS. 8s. 

The Geometry of Surfaces By A. B. 

Basset, M A., F R S. lox 64, 
Elementary Treatise on Cubic and 
Quartic Curves. By A. B. BAbbEi, M A , 
FRS. xox 64 

Analytical Geometry. By Rev T. 
Vyvyan, M A 4X.64, 
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Book-keeping 


Book-Keeping by fionUe Entry, Theo- 

retical, Practical, and for Examination 
Purposes. By J. T, Medhursi, A.K.C.. 
F S S. ir 6d 

Book-keeping, Examination Papers in. 
Compiled by John T Medhursi, A.K.C.e 
F.S.S. ss, Key, ax. 6 ( 2 . net. 


Book-keeping, Graduated Exercises and 
Examination Papers in. Compiled by P. 
Murray, F.S.S S., F.Sc.S.(Lond ). it, 6(2. 


OI Tiao rancipies kuuu iri au- 
of ]^ok-keeping and Estate- 
Office Work. By Prof. A. We Thomson. 
B.Sc. St, 


ENGLISH 


Itason’s New Bnglisk Grammars. Re- 
vised by a J Ashton, M. A 
A Junior English Grammar tt. 
Intermediate English Grammar at 
Senior English Grammar. 31. 6(2. 

GKAMMARS 

By C. P. Mason, B.A., F.C.P. 

First Notions of Grammar for Toiing 
Learners, zt 

Fuat Steps m Englisk Grammar, for 
Junior Classes, u, 

Outlmea of English Grammar, for the 
TTse of Junior Glasses, it, 
EnghshGrammar; including the principles 
of Grammatical Analysis. 31 6d 
A Shorter English Grammar. 3^* 
Practice and Help in the Analysis of 
Sentences it 

English Grammar Practice, zx. 

Comp^^On.^By J D Rose, M A 
Preparatory English Grammar. By 
W Benson, M A 8d 

Budiments of English Grammar and 
Analysis By l*RNCsr Adams, Ph.D. ix 
Examples for Analysis m Verse and 
Prose Selected by F Eovtards xx. 

The Farapluase of Poetry. By Edmund 
Candler ix 6 i 2 

Essays and Essay-Wlnting, for Public 
Examinations. By A W Ready, b.a 

3X. 6d 

Pr6cis and Pr6cis-Writing. A. W. 

Raads,BA. 3 x 6(2. Or without Key, ax 6(2, 

Elements of the English Language 

Ernrst Adams, Ph D Revised by I. F. 
Davis, M.A , D Lir 41 . 6d 
History of the English Language. By 
Prof. T R Lounsbury. gs 
Ten Brink’s Early English literature. 
3 vols 3x 6(2, each 

Introduction to English Literature 
By Henry S Pancoast qx net 
A First View of English Literature. By 
Henry S. Pamcoani and Percy Van Dyke 
Shelly. Crown 8vo gf, net. 


introduction to American Literature. 

By H S Pancoast 4X 6 d 

The Foreign Debt of EngUsh Literature. 

Byf.G iucKSRjLiiTD PostSvo 6x net 

Handbooks of En giiait Literature. 

Edited by Prof, Hales, gt, 6d net each 
The Age of Alfred. By F J Smell, 
^ M A [/rt the Prett 

The Age of Chaucer. (1346-1400.) By F. J. 
Smell, M A 

The Age or Transition (1400-1380). By 
F. J. Snell, M A. a vols 
1 he Age of Shakespeare (1379-163 x) By 
Thomas Siccombe and J. W, Allen. 
a vols Vol I. Poetry and Prose. 
Vol 11. Drama. 

The Age of Milton (1632—1660.) By 
the Rev J H. B. Masterman, M.A., 
with Introduction, etc., by J. Bass 
Mullinger, M.A. 

The Age of Dryden. (1660—1700.) By 
R Garnett, LL.D , C B. 

The Age of Pope. (1700—1744.) By 
John Dennis 

The Age of Johnson, (1744— 1798.) By 
Thomas siccoMBE 

The Age of Wordsworth. (1798—1833.) 

By Prof. C. H Herford, Litt.D. 

The AgeofTennvson (1830—1870.) By 
Prof. Hugh Walker 

Notes on Shakespeare’s Plays. With 
Introduction, Summary, Notes (Etymologi- 
cal and Explanatory), Prosody, Grammati- 
cal Peculiarities, etc By T Durr Bar- 
nett, B A IX. each. 

Midsummer Night’s Dream — Julius 
Ciesar — The Tempest. — Macbeth — 
HentyV —Hamlet —Merchant of Venice. 
—King Richard II.— King John.— King 
Richard III —King Lear.-^oriolanus — 
Twelfth Night —As You Like It —Much 
Ado About Nothing 

Frmdples of English Verse. By c M. 

Lewis. &t net. 

Introduction to Poetry. By Raymond M. 
Aldbn gt 

General Intelligence Papera with 

Exercises in English Composition. By 
G Blunt, ax. 6d. 
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G. Bell ^ Sons’ 


Bell’s English. Texts for Secondary Schools 

Edited by A Gothkelch, M.A, 

Browning’s The Pied Piper, and other Scott’s A Legend of Idontrose. Abridged 

Poems. Edited by A OuTiihELcn 8d, and edited by F. C Luckhuksi is 
Fairy Poetry. Selected and edited by Hakluyt’s Voyages. A Selection edited 
R S. Bats,, M A by the Rev A. L Hall, H A ir 

Hawthorne’S Wonder Book and Tangle- Coleridge’s The Ancient Manner; and 
wood Tales. Selected and edited by H Selected Old Eng^Sh Ballads. Edited 
Hampshire, M.A is by A Guthkelcm, M A is. 

Kingsley’s Heroes. Edited by I H Fukd, Selections from Boswell’s Life of 
B A With 3 maps is. Johnson. I'dittd by I' A J Marsh, M.A 

Lamb’s Tales &om Shakespeare. » 

Selected and edited by R. S. BAri, M.A. Selections from Buskm. Edited b> H. 
iod HxMPSiim, M A IS 

Lamb’s Adventures of Ulysses. Seiec- Lockhart's Life of Scott Selections 
tions. Edited by A C Dunsian, PhD. edited by A Barter. LI. .A. is 

[Immediately Charles Lamb’s Selected Essays and 
Stones of Emg Arthur, from Malory Letters hdited i>y OvinKbiui, M A 

and Tennyson. Edited by R. S Bah, With Map of London 1/ 4 d 

M A IS Selections ftom Carlyle Edited by 

Charles Beade’s The Cloister and the lvii/\BisTti Lfe. is 
Hearth Abridged and edited by the English Odea Edited by E. A J Marsh, 
Rev A. E Hall, B A is M A. if 


Bell’s English Classics 


Bacon’s Essays. (Selected) Edited by 
A E Roberts, M A if 
Browning, Selections ftom. Edited by 
F Ryland, M.A. If. 6d 
StraiTord. Edited by E H, Hicke/ 

If. 6d 

Burke’S Letters on a Beglolde Peace. 
1 andll. Edited by H G, Kfene, M.A., 
C.1 E If. 6d. 

Byron’S Siege of Corinth Edited by F 

Hordern is. 

Byron’S Ghilde Harold. Edited by 

H. G. Keens, M.A, C.l £. as. Also 
Cantos 1 and II , sewed, if. Cantos 
III and IV , sewed, 1 / 

Carlyle’S Hero as Man of Letters. 

Edited by Mare Hunter, M.A. if. 6d. 

— Hero as Divinity. By Mark 

Hunter, M A. if. 6d. 

Chaucer’S Minor Poems, Selections 
from. Edited by J B. Budbrbscx, M A. 

If. 6d. 

De Qmncesfs Revolt of the Tartars 
and the English Mail-Coadh. Edited 
by Cecil M. Barrow, M.A, and Mark 
HUNTER, M A. as. 

Revolt of the Tartars, separately, if 

Opium Eater. Edited by Mark 

Hunter, M.A as 6d. 

Uoldsmith’s Good-Natured Man and 
She Stoops to Conquer. Edited by K. 
Deiqhton. Each, if. 

%* The two plays togcAer, if 6d, 

— Traveller and Deserted Village 
Edited by the Rev. A E. Woodward, M A. 
Cloth, If. 6d„ or separately, sewed, lod. 
each 


Irving’S Sketch Book Edited by R. G. 

Oxen HAM, M A Sewed, if 6d. 

Johnson’s Life of Addison. Edited by 
F. Rilani), M A If. 

Life of Swift Edited by F. Rylavd, 

M A If. 

Iiife of Pope* Edited by F Ryl^nd, 

M A 3f. 

The Lives of Sw ift and Pope, together, 
sewed. 3f. 6d 

Johnson’s Life of Milton Edited by F 
Ryland, M a. If. 6d 

LifeofDryden. Edited by F Ryland, 

M A If. 6d 

%* The Lives of Milton and Dryden, 
together, sewed, 3f . 6d. 

— Lives of Prior and Congreve, 
Edited by F Ryland, M A. if 
Kingsley’s Heroes. Edited by A. l 
Rouerts, M.A. Ulus. If. 6d, Sewed, if 
Lamb’s Essays. Selected and Edited by 
K Deigbton. If 6d. 

Longfellow, Selections ftom, includ- 
ing Evangeline Edited by M. 1 . (Juinn, 
M A ifTod. 

Evangeline, separately, sewed, lod. 
Macaulay’S Lays of Ancient Rome* 
Edited by P. Hordern, if 6d 
— — Essay on Clive Edited by Cfcil 
Barrow, M.A. if. 6d. 
Massinger’sANewWay toPayOldDebts. 

Edit^by K. Dlxokton. if. od. 

Milton’s Paradise Lost. Books III. and IV. 
Edited by R. G. Oxbnham, M A. if., or 
separately, sewed, lodt each. 
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Maton's Paradise Regained. Edited by 

K. DfilGHTON. IJ. 

Pope’s Essay on Man. Edited by f. 
Ryland, M.A. is. 

Pope, Selections firom. Edited by K. 

DciGHTON. IS, 6d 

Scott’s Lady of the Lake. Edited by 
the Rev. A. E, Woodward, M A 2s. 6d. 
The Six Cantos separately, sewed, 6d each 


Shakespeare’s Julius Csesar. Edited by 
T. Duff Barnett, B A. (Lond.). is 6d 

— Merchant of Venice. Edited oy 
T. Duff Barnett, B A (Lond ). is, 6d 

Tempest. Edited by T. Duff Barn ett, 

B.A. (Lond.\ is, 6d 

Wordsworth’s Ezcnrsion. Book I. 
Edited by M.T.QiiiNN, M.A. Sewed, xr. 


English Readings. 

With Introductions and Notes i6mo. 


Bnrke . Selections. Edited b> Bliss Perry 
21 6 d, 

Byron: Selections. Edited byF i. Car- 
pi NTPR 21 6d 

Coleridge: Prose Selections. Edited by 

HlMRY a BtERS 2S 

Dryden: Essays on the Drama. Edited 
by WiLLiAW Strunk 2S 
Johnson* Prose Selections. Edited by 
C. G Osgood 31 


Milton: Minor English Poems. Edited 

by Martin W Sampson 2s, 6 1 

Swift: Prose Selections. Edited by 
Frederick C Prescott, sj. 6ii 

Tennyson: The Princess. Ediudb^L A 

Sherman sj. 

Thackeray: English Humourists. Edited 

by William Lyom Phelps, ai. 6J. 


Headers 


York Readers. A new senes of Literary Bell’s Reading BookS-c»««»NF J. 
Readers, with Coloured and other Ulus- Edgeworth's Tales 
trations. *Scott’s Talisman 


Primer I. 3d. Primer II 4d. 

Infant Reader. 6d 
Intioductorv Reader. 8d. 

Reader, Hook I. gd Book II xod. 
Book III. iJ. Book IV is, 3d. Book 
V. IJ. 6d. 

York Poetry Books. 3 Books. Paper; 

covers, 6d, each , cloth, 8d each j 

Poetry for Dpper Classes. Selected by i 

B. A. HsLPii. IS, 6d 

Books for Young Readera illustrated. 
6 i. each 
iEbop's Fables 
The Old Boat-House, etc. 

Tot and the Cat, etc. 

The Cat and the Hen, etc. 

The Two Parrots | The Lost Pigs 
The Story of Three Monkeys 
The Story of a Cat 

Queen Bee and Busy Bee i Gull's Crag 
Bell’s Reading Books. Continuous 
Narrative Readers Post 8>o Cloth 
Illustrated is. each 
♦Great Deeds in English History 
♦Adventures of a Donkey 
♦Grimm's Tales 
♦Great Englishmen 
Great Irishmen 
♦Andersen’s Tales 
♦Life of Columbus 
♦Uncle Tom’s Cabin 
♦Swiss Family Robinson 
♦Great Englishwomen 
Great Scotsmen 
♦Gatty’s Parables from Nature 


♦Marryat’s Children of the New Forest 
♦Dickens* Oliver Twist 
Dickens* Little Nell 
♦Masterman Ready 
Marryat’s Poor Jack 
Arabian Nights 
Gulliver’s Tra>els 
Lyrical Poetry for Boys and Girls 
Vicar of W^efield 
♦Scott’s Ivanhoe 
Lamb’s Tales from Shakespeare 
♦Robinson Crusoe 
Tales of the Coast 
♦Settlers in Canada 
Southey’s Life of Nelson 
Sir Roger de Coverley 
♦Scott’s Woodstock 

♦ Cheap$r editions of these volumes are issued ir 
limp cloth covers, 6d net each 

Bell’s Literature Readers. Bound m 
Cloth Price is each 

I Deeds tliat Won the Empire. By W. H. 
Fitchbtt, B A , LL,D 
Fights for the Flag By W. H. Fi tchett 
Six to Sixteen By Mrs Ewino. 

We and the World. By Mrs Ewmr, 
The Water-Babies. ByCHAS K»n&sll.\ 
The Last of the Mohicans. B> J Fen.- 
MORE Cooper. 

Feats on the Fiord. By Harriet 
Martincau 

Parables from Nature. By Mrs. G ati y. 
The Little Duke. By Ch arlotte Yon op 
The Three Midshipmen, By W. H. G. 
Kingston. 



G. Bell & Sons' 


RoardorS — continued. 

Bell’s Geographical Readers ByM.j. Ahbey ffietory Readers. Revised by the 
Barrin&ton-Ward, M.A. Rt. Rev t A OAsaiiS-T, D.D. Illustrated, 

The Child’s Geography, Illustrated. 6d. Early English History (to iob6). is. 

The Round World. (Standard II } is. Stories from English History, 1066-1485, 

About England (Stand. Ill ) Ulus. ir.4d. is, set 

Bell’s Azumal Life Readers. Designed to The l udor Period. (1485-1603), u. 3d. 

inculcate humane treatment of animals The Stuart Period. (1603-19x4) ijr. 6d. 

Illustrated by Harrison Weir and others The Hanoverian Period. ^i9r4-i839). 
Full Prospectus on appiieattoii, ir 6 d 

The Care of Babies. A Reading Book Bell’s Bistory Readers, illustrated 
for Girls’ Schools. Illustrated. Cloth, if Early English History (to io66) i;. 

Bell’s History Readers on the Con- Stones from English Histor>, 1066-1485 

centric Method. Fully illustrated. ir 3d 

First Lessons in English History, rod. The 1 udor Period (1485*1603) n s<^, 

A Junior History of England, ix 6d The Stuart Period (1603-1914) it 6d. 

A Senior History of England, ax. The Hanoverian Period (1914-1H39) i r 6d 

MODERN LANGUAGES 

French and German Class Books 

BeU’a French Course. By R.P. Atherton, French Poetry for the Young. With 
M.A. Illustrated, a Farts. is,6d, each Notes, is 

Key to the Exercises, Part 1., 6J. net; Materials for French Frose Com- 
Part II , IX net. position. 3^ Key, ax. net. 

Bell’s First French Reader. By R P. ProsateursContemporams. af 
Athbrtom, M A. Illustrated, ix. Le Petit Compagnon: a French Talk- 

The DirectMethod of Teaching French. Book for Little Children zx. 

By D Mackay.M A ,andF. J.Curiis,Ph.D. By the Rev. A C. Clapin 

First French Book, is net. French Grammar for Public Bchools. 

Second French Book, is bd net. ax. 6d, Key, 3x 6J. net 

Teachers’ Handbook, ix net A PTench Pnmer, ix 

Subject Wall Picture (Coloured). 9X 6d Pnmer of French Philology u 
net. , Ei^lish Passages for Translation into 

French Picture-Cards Edited by H N mneh. ax. td Key, 4X. net 
Aoair, m a. Drawn by M \ky Williams A German Grammar for Public Schools, 
and M. Movtb^rd Two Sets of Sixteen ax 6 d, 

Cards. Printed m Colours, with question- A Spanish Primer, ir 
naire on the back of each 113d net each — 

Bell’s Illustrated French Readers. Bell's First German Course. ByL B.T. 

PottSvo Fully Illustrated. Chaffxv, M A ax. 

Full List on application Bell’S First German Reader. By L B T, 

French Historical Reader. By H N Chaulv.ma illustrated ax 
Adair, M A. Fourth Edition, with a new German Historical Reader. By ) E 
Composition Supplement, ax , or without Mailin, M A ax 
Supplement, ix. td. Supplement separ- Buddenbrook : Em Schultag eines 
ately, 6d net Realuutersekundaners Edited by 

Contes Franpais. AnciensetModemes [RMallin, ma. illustrated ai. 6d. 
By Marc Cxi'fi ij 6d. With Qucbtion. Materials for German Frose Coxn- 
naires and Exercises, ax. Questionnaire, JMSltion. By Dr. C A. Buchhsim. 4X 6 d. 

faeparatelv, 6 d A Kev to Pts. I. and II , 3x net. Pts. III. 

Contes d’Hier etd’Aujourd’hui. By J. S. and iv , 4x. net 
Norman, M A , ana Ckaklls Rusxpr- First Book Of German PrOBO. Being 
Dumas, Illustrated ix 6 d Parts I and II. of the above, with 

Stories and Anecdotes for Translation Vocabulary, ix 6 d 
into French. By Carl Heath ix. Kurzer Leitfaden der Beutschen Dich- 
EssentialB of French Grammar. By tung. By A h Cop ar 6 d 

H. WiLSHiRE, M A. IX. 6(i, Milit^ and Naval Episodes. Fdited 

Gasc’s Frendh Course by Professor Aloys Weis**, Ph D. 31. 

Hist Frmch Book. «. History of German Literature. By 

Second French Book. ix. 6 d, Professor Kuno Franckf iox net 

Key to First and Second French Books. Handbook of German Literature, By 

is,6d net. Mary E Phillips, LLA ax. 6 i 2 . 

F^endh Fables for BegHmers. ix. Practical German Grammar. By Cal; in 
EistouresAmusanteBetIiistruc1dve& u. Thomas ss 

Practical Gmde to Modem French German Reader and Theme-Book. By 
Conversation. IX Calvin Thomas and W A. Hfrtly ai 6d. 



Select Educational Catalogue 


iS 


MENTAL AND MORAL SCIENCE 


A Manual for University 
Students By F Ryland, M A. 4;. 6d. 

An introductioii to Psychology. By 
R. M. Yerkxs 6/ 6d, net. 

Ethics : An introductory Manual for the use 
of University Students. By F. Ryland, 
MA. is.6d. 

Ethics By John Dewev and James H 
luris os,od ncL 

Everyday Ethics. Cy E L Cabot js net 

Logic. An Introductory Manual for the use 
oi University Students. By P. Rvland, 
M.A 4J. 6d. 

The Principles of Logia By Prof. H A 
Aikins, Ph D 6s 6d 

An Introduction to the Study of 
Philosophy. By Alice Olc ham . net 


Handbook of the History of Phil- 
osophy. By E Belfort Bax jr. 
History of modern Philosophy. By R. 

FALCkENBERO. Trans by Prof. A. C 
Armstrong. i6x. 

Bacon’s Novum Organum and Advance- 
ment of Learning. Edited by J. Deve v , 
MA 

Heel’s Lectures on the Philosophy of 
mstory Iranblated by J Sibree, M.A. 
Small post 8vo 5x 

Kant’s CritKiue of Pure Reason. Trans- 
lated J M D. Mxiklejohn $x. 
Kant’s Prolegomena and Metaphysical 
Foundations of Science. Translated bv 
E BelforfBax sx. 

Locke’s Philosophical Works. Edited by 
f A. St, )ohn. avols. 3x. 6d each. 

Modem Philosophers 

Edited by Professor E. Hershey Sneath 

Locke. The Philosophy of Locke. 

Prof. John E Russell. 4x. net. 

Reid, '^e Philosophy of Reid. 

Hershev Sneath, Ph D. 6x. net. 

Spmoza. The Philosophy of Spinoza 
By Prof G. S Fullbrion. 6s, net. 


Descartes. The Philosophy of Des- 
cartes Selected and Translated by Prof. 
H. A. P. Torrky. 6x net. 

Hume. The Philosophy of Hume. 

Selected, with an Introduction, by Prof. 
Herbxri a. AiuNb. 4x. net. 


By 
By E. 


HISTORY 


Lmgard’s History of England. By 
H. N. BiRf With a Preface by 
Abbot Gasaubt, D D With Maps, ^x. , 
or in s vols. Vol I, (to 1485), ax. 6d 
Vol II. (1483-1903), 3x 

First Lessons m Enghsh History. 

Illustiated ix « . . « „ 

A Junior History of England. By E, 

Nixon Illubtratid ir Od, 

A Senior History of England. By A 
M< Killiam, M A. Crown 8\o Illub ax. 

A Fractioal Synopsis of English Hist- 
ory. By Arthur Bowes ij 
Strickland’s Lives of the Queens of 
England* 6 vols Sr each. 

Abridged edition for Schools fix, fid. 

Landmarks in the History of Europe. 

By E M, Richardson, B A Crown 8vo ax. 
An Atlas of European History. By 

hARLB W Dow 6f net 
Mediaeval Europe, 395 - 1270 . By Charles 
B i'MOsrandG Monod. Translated under 
the Editorship of Prof. G. B, Adams 
fix. fid. net 

Duruy’B History of the Middle Ages. 

'Iranblatcd by E H. and M D. Whitney 
fix fid net. 

The FoundationB of Modem Europe. 

By Dr Emil Reich, gx. net, 


Dyer’s History of Modem Europe. 

Revised throughout by Arthur H assail, 
MA 6 vols With Maps. 3s fid each 
Life of Napoleon I. By John Holland 
R ose, LiirD avols. lox net. 

Carlyle’S French Revolution. Edited 
by J. Holland Rose, Lin D 3 vols 
With numerous Illustrations, ijx 
Michelet’S History of the French Revo- 
lution from Its earliest indications to the 
flight of the King in i^oi. sx. fid 
Mignet’s History of the French Revo- 
lution, from 1789 to 1814 3x fid 

Gregorovius’ History of the City of 
Rome in the Middle Ages Translated 
by Annie Hamilton. 8 vols. 3x net 
Also sold separately 

Select Historical Documents of the 
j^ddle Ages. Translated and edited b} 
Ernest F Henderson Ph D 3x, 
Menzel’s History of Germany. 3 vols. 

3x fid. each. ^ 

Ranke’S History of the Popes. Trans- 
lated by E. Foster. New Edition. 
Revised, ivols. ax net each. 

Ranke’s History of the Latin and 
Teutonic Nations. Revised Translation 
by G. R, Dennis, B A. With an Introduc- 
tion by Edward Armstrong, M A fix net. 

For othof Works of value to Students of History, see Catalogue of Historical BoohSt 
sent fost free on application 

ART 

Messrs. Bell’s Catalogue of Boohs for Art Students wtU be sent to any 
address on application 



NEW PEOM COVEE TO COVER 

Webster’s New 
International Dictionary 

A COMPLETE ENCYCLOPEDIA IN 
ONE COMPACT VOLUME 

Features of the New International 

400.000 WORDS AND PHRASES DEFINED. Half this 
number in old International. 

2,700 PAGES, every line of which has been revised and rese^ 
(320 Pages in excess of the old International, and yet the new book 
IS practically the same siae.) 

6.000 ILLUSTRATIONS, each selected for the clear explication of 
the term treated. 

DIVIDED PAGE important words above, less important below. 
ENCYCLOPEDIC INFORMATION on thousands of subjects. 
SYNONYMS more skilfully treated than in any other English work. 
GAZETTEER and BIOGRAPHICAL DICTIONARY are up 
to date. 

MORE INFORMATION of MORE interest to MORE people 
than any other Dictionary. 

Send for lUustraigd Pamfkktt with Specimn Pages, and full Usl of prices 

Webster’s Collegiate Dictionary 

The largest abridgment of the International. Large 8 vo, i,ii6 
pages. More than i,ioo illustrations. io,s. net. Also an 
Edition de Luxe on Bible paper, 145 . net. And in leather 
bindings. 

Narrow Zvo* is* net* Also in Limp Leather* 2s* net 

Webster’s Little Gem Dictionary 

BASED OW THE **IJrTEE3SrATIOUrAIi” 

This little Dictionary will be found to be. within its own limits, a 
thoronghly sound and useful ** word-book.*’ Its narrow shape n^es it 
particularly suitable for carrying in the pocket. The appendices include 
a Gazetteer of the World, a Classical Dictionary, List of Abbreviations, 
Comparative Weights andrMeasures, etc. 

LONDON: G. BELL AND SONS, LTD. 









